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FOREWORD
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were G. E. Pittman, J. E. Shaunfield, B. J. Cottongim and R. L. Glass.
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ABSTRACT
{

This document is an interim report describing the development of
optical couplers for use in an eight station EMI/EMP resistant avionic
Jata bus being developed on this program. Airborne avionics systems are
moving toward the use of party line multiplex data buses for the trans-
mission of the growing number of digital signals found in modern aircraft.
Optoelectronic technology provides a data bus interface system con-
sistent with military requirements that is potentially superior to wire
techniques--ﬁarticu]ar]y in the areas of ground loop noise immunity
and EMI/EMP sensitivity. Passive optic2] directional couplers are
required in an optoelectronic data bus so that each station can receive
optical signals from the bus and transmit optical signals onto the bus.
By this means, each station on the bus can communicate with every other
station. The report identifies the basic optical loss and attenuation
mechanisms that affect the quality of optical couplers and describes
the techniques developed to minimize these losses. Siice low-10s3
fiber optic bundle terminations are required at all optical interfaces,
this topic is discussed separately. Conventional terminations are
described which have losses of 34.8%; compression techniques are de-
scribed that reduce the loss to 24.4%. The report also describes the
design, fabrication and evaluation of Y;bAversions of a duplex T
coupler and one radial coupler. An improved version of the radial
coupler is described and recommended for use in the EMI/EMP resistant
data bus. |
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SECTION 1
INTRODUCTION AND SUMMARY 14
The primary objective of this program is the design, develop- |2

ment and demonstration of an EMI/EMP resistant avionic data bus. The
data bus will consist of eight terminals with each terminal providing
the basic multiplex terminal unit (MTU) functions. The data bus system
will feature plugable optical interfaces with a bit rate of 10M bit/s.

The principal technology-related task in this research and
development program concerns the design, fabrication, and evaluation
of passive optical directional couplers. The significance of this _
task is magnified by the lack of previous concentrated effort in this ié
technology area. Signal coupling devices are required in an opto-
electronic data bus so that each station can receive signals from the
bus and transmit signals onto the bus. By this neans, each station

on the bus can communicate with every other station. System reliabil-
ity considerations exclude the use of repeaters in optoelectronic

data buses. Thus, low-loss passive optical couplers are a basic
requirement for data bus construction. While much of the basic tech-
nology for passive coupler fabrication is available, specific efforts
to construct practical devices has been limited!’2?. By contrast,
other aspects of optoelectronic data bus system design have been
explored on at least a preliminary basis?®’*,.

This report describes the passive optical coupler development
task performed on this program. The effort may be broken down into
two related but relatively independent activities:

e termination of fiber optic bundles, and

@ design, fabrication and testing of passive
optical couplers.

The construction of low-loss passive couplers depends on success in
both of these activities. The terminations are important because the
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optoelectronic data bus consists of flexible fiber optic bundles which
interconnect the various stations. Thus, at each interface where

optical signals are coupled from the passive coupler onto the bus, the
light must pass through a fiber optic termination. The optical atten-
vation (loss) in the termination can be the major portion of the total
loss associated with the passive coupler. Fiber optic bundle termina-
tions are also involved in the LED/coupler interface and the photodiode/

coupler interface.

The losses in a fiber optic bundle termination are made up of

e front surface reflection loss from the

core glass, and

e packing fraction loss due to core/fiber
area ratio and packing of fibers in the

ferrule.

The experimental work on this program has all been done using fiber
optic bundles manufactured by Galileo Electro-Optics. However, the
techniques developed should be generally applicable to all kinds of
fiber optic bundles. The Galileo product has a lead glass core

(n = 1.625) with a borosilicate glass cladding (n = 1.48); the core/
fiber diameter ratio is about 19/21. For conventional closely packed
terminations in which the fibers are epoxied into a ferrule, the
transmission of typical terminations is between 0.60 (-2.22dB) anrd
0.657 (-1.83dB) for bundle diameters of 46mil and 180mil respec-
tively. The total loss in conventional terminations can be parti-

tioned as follows:

Front surface reflection -0.26dB
Core/fiber area ratio -0.87dB
Packing of fibers in ferrule, 180mil  -0.70dB
66mi1  -0.75dB
46mil  -1.09dB




Techniques for reducing these losses were evaluated on the program. The
front surface reflection loss can be essentially eliminated by using
index matching at the optical interfaces. Removal of the cladding glass
in the area of the termination by controlled etching could eliminate

the core/fiber area ratio loss. Etching experiments have been performed
and results are reported; however, a useful process was not achieved.
Techniques for compressing the ends of fiber optic bundles to improve
the packing density of the fibers in the ferrule have been evaluated.

A compressed termination has been achieved in which the fiber packing
loss is reduced to 0.08dB. The report also describes two complimentary
and useful techniques for measuring the diameter of fiber optic bundles.
One of the techniques also gives an accurate value of the average
diameter of the individual glass fibers in the bundle.

The effort on design, fabricaticn, and testing of passive
optical couplers was concerned with both duplex T couplers and radial
couplers as shown in Figure 1. Two types cf T couplers were con-
structed and evaluated; both used solid glass rods for the through
transmission path and fiber optic bundles for the LED and photodiode
side arms. In one T coupler design, the central rod is slotted to
provide space for the side arm fibers. The other T coupler design
uses a split rod which allows the side arm fibers to be positioned
across a diameter of the central transmission path. The couplers may
be compared in terms of an overall guality factor, m, which is a
measure of the total losses in the coupler. The split rod T coupler
gave the best performance. Without the use of index matching
materials, the quality factor in the best coupler is measured to be
-1.40dB -- this value can be reduced by the use of index matching
materials at the variuos optical interfaces. An eight-arm radial
coupler was fabricated using 66mil1 diameter fiber optic bundles as
the radial arms. The measured quality factor of the best radial
coupler is -5.65dB.
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Scrambler Y

a. Slotted Rod T Coupler

Scrambler W

b. Split Rod T Coupler

"Scramtﬂer

c. Radial Coupler

Figure 1. Passive Couplers
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The radial coupler loss will only be experienced one time for
any transaction on the data bus. Using T couplers in an in-line data
bus, a transaction between the two stations at opposite ends of the
bus will experience the T coupler loss N-1 times, where N is the number
of stations. System calculations for both in-Tine and radial data
buses are presented which include the effects of all losses. For an
in-Tine 8 station 100ft data bus, the loss in the worst case trans-
mission path is -61.82dB. The corresponding worst case loss for a
radial data bus is -39.17dB. From this compariscn, a radial system
is proposed for use in the EMI/EMP resistant data bus. Based on the
results of this development effort, an improved radial coupler design
is presented that is proposed for use in the data bus. This radial
coupler makes use of index matching, rectangular geometry and solid
side arms to overcome many of the deficiencies of the couplers con-
structed during this development effort.
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SECTION I1I
FIBER OPTIC BUNDLE TERMINATIONS

Several types of fiber optic bundle terminations have been in-
vestigated on this program. A1l of the fiber optic bundles used on
this program are clad glass fibers manufactured by Galileo Electro-
Optics Corporation. Each fiber is composed of a solid Tead glass
core with n = 1.625 and a borosilicate cladding with n = 1.48. The
diameter of individual glass fibers is nominally 2.5mi1. The most
basic termination studied is the conventional termination in which
the fiber optic bundle is epoxied into a tightly fitting ferrule and
then polished on the end to achieve a flat and optically smooth sur-
face. Terminations of this type exhibit loss over and above the normal
length dependent attenuation (approximately 0.2dB/ft). The termination
loss results from

e front surface reflection from the core glass,

e the optically inactive area of the cladding
glass, and

e dead space between the individual glass fibers.

Various techniques have been investigated to reduce or eliminate
these three sources of optical Toss which have lead to more complex
terminations and termination procedures. An etched termination has
been studied which removes the cladding glass in the vicinity of the
termination; a compressed termination uses heat and pressure to reduce
the dead space between fibers; and index matching fluids have been used
to reduce the front surface reflection at optical interfaces.

DIMENSIONAL MEASUREMENTS

One of the most fundamental requirements in working with fiber
optic bundles is to be able to measure the important physical
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Figure 2. Number cf Fibers That Can Fit Into a Circular Ferrule

number of fibers
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dimensions of the bundle and the individual fibers. The bundle diameter
is one of the most important dimensions.

Fiqure 2 is a mathematical table which indicates how many fibers
of outside diameter d can be fitted into a bundle of diameter D.
The concept of the diameter of a fiber optic bundle refers to the smaliest
practical ferrule diameter which will encompass the bundle of fibers.
If the diameter of the individual fibers and the number of fibers were
accurately known, the bundle diameter could be obtained from Figure 2.
The number of fibers is known; however, the diameter of the individual
fibers varies within a bundle and from bundle to bundle. Table I shows
the number of 2.5mil1 diameter fibers specified by Galileo for various
standard bundle diameters. The fiber count is carefully maintained;

Table I. Number of Fibers in Standard
Diameter Bundles-Galileo

Diameter Number of Fibers
(in)
.031 129
.046 285
.062 505
.093 1,131
.125 2,007
.187 4,512
.250 8,018
312 12,526

1.000 128,232

however. the buncdle diameter depends on the diameters of the individual
fibers and should be used only as a nominal value.
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Figure 3. Precision Funnel




With a nominal diameter of 2.5mil, the individual fibers are too
small to be accurately measured by conventional mechanical techniques.
A measurement of this type would be further complicated by the variation }”
in size between the fibers in a given bundle. For these reasons, direct {

%¢
= '.;é‘,fa.;;' {1.;‘._ =

measurement of individual fibers is not recommended as a useful technique &
for users of fiber optic bundles. ;

A direct measure of the bundle diameter may be made using a set
of precision funnels of the type shown in Figure 3. A set of these
funnels has been constructed in 1.0mil diameter increments; the range
of sizes is not continuous but is bunched around the standard bundle :
diameters used on this program. The bundle diameter obtaired with a ;
set of precision funnels is somewhat technique dzpendent. However; ‘ ]
this measurement is valuable because it experimentally determines the
minimum practical ferrule diameter that can be used with a particular
fiber optic bundle.

e

1; The measurement technique used with the precision funnels begins

by dipping the end of the fiber bundle in deionized water and agitating ! 8
the bundle until all fibers are wet and standing apart in the water. i
As the bundle is withdrawr from the water, capillary action pulls the
fibers together like the bristles in an artist's paint brush. At this
point the bundle is oversize because it holds a considerable amount of
excess water; however, the water does serve as a lubricant and helps
to order and align the various fibers. As the water evaporates,
surface tension pulls the fibers together and the bundle becomes very
rigid. It is felt that this rigid condition is associated with a min-
imum bundle diameter. The removal of excess water from the fiber
bundle can be accelerated by inserting the wet bundle into the largest
precision funnel and then progressing through the remaining funnels in
sequence until the smallest funnel that will accommodate all of the
fibers in the bundle has been found. This procedure also helps to

v order and align the fibers in the bundle. Even with this technique,

' the packing fraction of the uncompressed fiber optic bundle at the

point of measurement is not as high as it should be to match the

1
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numbers in Figure 2. This residual discrepancy is felt to be the result
of three factors

o a thin film of water on the individual
fibers,

e incomplete ordering of fibers in the
funnel, and

e inconsistent ordering to accommodate
diameter variations between individual
fibers.

Using this technique, four 25 ft lengths of "187mi1 diameter" fiber
optic bundle were measured to have practical bundle diameters of
189mil, 187mil, 177mil and 177mil.

Another technique for measuring the area of fiber optic bundles
was developed that provides additional data that compliment the funnel
measureménts. This technique uses a precision balance to weigh a known
length of fiber optic bundle (glass fibers only). With this information
and the density of the glass fibers, the total cross sectional area of
the fibers can be calculated. The density of the glass fibers can also
be measured with good accuracy using the same precision balance. This
technique is capable of accuracies of a few tenths of one percent
(~.2%). The density of Galileo glass fibers has been measured to be

p = 3.2778g/cm? (1)

Using this figure for density, an equation has been developed for the
solid diameter, D, of the fiber optic bundle. This solid diameter
defines the smallest circle that the bundle could be compressed into
if all space between the fibers were removed.

D = 153.96(W/L)?




D is the solid diameter in mils,
W 1is the weight in grams, and
L dis the length in inches.

If the number of glass fibers in the bundle is known, the average fiber
diameter, d, can be calculated from
.2
d-N% (3)
When both d and N are known, the bundle diameter, D, can be determined

from the table and equations shown in Figure 2. Figure 4 shows the
relationships among the three diameters d, D and D.

Figure 4. Diameter Relationships

The weighing technique was used to measure various pieces of
Galileo fiber optic bundle. The results are shown in Table II along
with the diameter measured with the funnel for the large diameter
bundles. Comparison of the funnel diameter, Df, and bundle diameter,




D, show that, on average, Df is 3.5mils larger than D. Thus, a practi-
cal ferrule diameter is about 2% greater than the theoretical bundle
diameter measured by the weighing technique.

Table II. Evaluation of Galileo
Fiber Optic Bundle

Nominal Funnel D d
Diameter Diameter (mil) (mil)

N

(mi1) Do(mil)
187 189
187 187
187 177
187 177
46 -

This precise and accurate method for determining the various
significant diameters of a fiber optic bundle has been useful in sev-
eral different areas of passive coupler development.

o For compressed terminations, the technique
specifies the diameter of the compression
fixture and the scrambler rod.

For uncompressed terminations, the technique
allows accurate prediction of the transmission
of the termination.

The technique can form the basis of more
accurate specification and control of
fiber optic bundle diameter

The geometrical opticai model of a clad glass fiber is presented
in Appendix I. The discussion shows how total internal reflection at
the core/cladding interface makes it possible to achieve Tow-loss




transmission in the core of the fiber. The cladding on the fiber is
also surrounded by a lower index medium (air, n=1.0) over much of its
length. This provides total internal reflection at the cladding/air
interface and under certain conditions makes it possible to transmit
light through the entire cross sectional area of the fiber -- core

and cladding. In most cases the cladding touches other fibers and the
jacketing material; also, dust and other foreign substances on the
surface of the cladding iayer act as scattering centers and remove
light from the cladding. Thus, the cladding glass has higher atten-
uation than the core glass and significant transmission in the cladding
can normally be achieved only over distances of a few feet. Trans-
mission through the cladding can provide a significant performance
improvement in passive couplers where fiber optic bundle lengths of

a few inches are normally used.

In the termination region, the fibers are surrounded by an
epoxy which normally has an index of refraction between 1.49 and 1.62
which is higher than the index of the cladding giass (n=1.48).
Because of the presence of this epoxy, there is no total internal
reflection at the outer surface of the cladding. Thus, the epoxy
used in a conventional termination effectively couples light out of
the cladding glass at each end of a fiber optic bundle and optical
transmission through the cladding glass is negligible. In certain
special cases it is possible to use a low index material like Sylgard
(n=1.43) in the termination region and achieve useful transmission
in the cladding layer. However, in the general case the cladding
glass does not transmit light and the cross sectional area of the
cladding glass represents a major part cf the Toss in a conventional
termination.

Direct observation of the polished ends of conventional termina-
tions provide a direct measurement of the cladding glass thickness as
a fraction of the fiber diameter, d. This important parameter is con-
veniently expressed as the ratio of core diameter to fiber diameter.
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The core cladding interface is visible with front surface illumination
in a high power microscope because of the difference in front surface
reflection due to the difference in index of refraction. For Galileo
fibers the core glass has n = 1.625 and the cladding glass has n = 1.48.
The two front surface reflectivity values are

R, = (%i2>2= 0567 (core) (4)

Rgy = 0375 (ctadding) (5)

This gives a reflectivity ratio of

core _ -0567 _
cladding ~ .0375 I:BEl (6)

with the core appearing lighter than the cladding as shown in Figure 5.

Figure 5. Core/Cladding Contrast
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The core/fiber diameter ratio was measured to be 19/21 for "
several different Galileo fiber optic bundles; the ratio is consistent .;
even for fiters having different diameters. This measured diameter j

ratio gives a core/fiber area ratio, Ra’ of f

R, = (%%)2 = 0.8186 (7)
For a nominal fiber diameter of 2.5mil and a 19/21 diameter ratio the
nominal core diameter is 2.262mil1 which gives a cladding thickness
(radius) of 0.119mi1 or 3.02um. The area ratio, Ra’ could be increased
by reducing the thickness of the cladding glass. However, the thick-
ness of the cladding glass is one of the important factors in determin-
ing the attenuation of the fiber. Appendix I shows how a thinner
cladding layer leads to higher attenuation in the fiber. For uncom-
pressed terminationé, Figure 2 shows that a bundie of smaller diameter
fibers has a better area coverage than the same bundle diameter made
from larger fibers. However, for constant core/cladding diameter

_ ratio, the smaller fibers have less cladding thickness and therefore

. have higher attenuation. Small fibers also have more core/cladding

A interface reflections per unit length than large fibers, see Appen-

dix I. This effect alsn leads to an increase in attenuation due to
increased scattering loss for smaller diameter fibers.

The selection of fiber diameter and cladding thickness is nor-
mally made by the fiber optic bundle manufacturer. The choices are
} based on a series of tradeoffs which involve such things as cost,
reproducibility, the absorption of the glass being used in the fibers
and the performance requirements of the intended market. In general,
the fiber diameter and cladding thickness choices that give the
| " highest (best) packing fraction also give the highest (worst) atten-
" uation. The design of the present Galileo fiber optic bundle with a
: 2.5mi1 fiber diameter and a 3um cladding thickness seems to offer a
good compromise for short distance optoelectronic data transmission
with a 0.9um light.
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B. CONVENTIONAL TERMINATICNS

Two short fiber optic bundles were made from the 187mil diameter
bundle (funnel measurement) for the purpose of evaluating the measured
performance of conventional terminations. These two bundles have lengths
of 6.25in and 62.5in; the ferrules used have an inside dianeter of
188.5mils. The epoxy used in the terminations has n = 1.52 which 1s
higher than the index of the cladding glass used in Galileo fibers
(n = 1.48). The epoxy effectively couples the light out of the cladding,
so no light is transmitted through the cladding in either bundle. This
has been experimentally verified by microscopic examination of the term-
ination with transmitted white light. The measured transmission of the
short fiber bundle is 0.60 and the long fiber bundle is 0.47. Both of
the fiber bundles have a good quality end finish. If the loss mechanisms
are represented by transmission factors then the total transmission, T,,
for the 6.25in fiber can be expressed as

Ty = (1-R.)*Pa = 0.60 (8)
where R, is the front surface reflectivity given by Eq (4), R, = .0567.
P~ is the packing fraction
a is the attenuation of the 6.25in length.
The transmission of the 62.5in fiber, T,, is given by
Ty = (1-RCF Pal? = 0.47 (9)
combining Eqs (4), (8) and (9) gives two simultaneous equations in two

unknowns
Pa = 0.6743 (10)

Pal® = 0.5282 ’ (11)
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Solutions of Eqs (10) and (11) give
.97585 (12)
.69100 (13)

From Eq (12) the loss factor of the fiber is 0.2dB/ft which is the expected
value for Galileo fiber optic bundles. The packing fraction in Eq (13) is

made up of two parts; the geometrical area coverage of the fibers, denoted

by G, and the core/fiber area ratio, denoted by Ra' The area coverage

of the fibers is given by
D 2
G =7 (14)
(Df)

D is the solid diameter shown in Table II and
Df is the internal diameter of the ferrule.

Thus, from Table II

_ 1731V _
G = (Tﬁﬁfg) = .8433

Combining Eqs (12) and (14) gives
.8194 (16)

which is in good agreement with the value Ra = ,8186 obtained from the
direct measurenment of the core/fiber area ratio discussed earlier in the
report.

From Table II, the ferrule diameter used on these fiber optic
bundles is larger than the indicated funnel diameter; thus, the measured
transmission is slightly lower than if smaller ferrules had been used.
There are four specific fiber optic bundle diameters that are of particu-
lar interest in the passive optical couplers constructed on this program:




the 46mil bundle used for the LED and detector
ports in the T couplers,

the 187mil bundle used with the T couplers in a
uniform duplex data bus,

two combined 46mil bundles used as the eight arms
in the radial coupler, and

sixteen combined 46mil bundles used as the main
body of the radial coupler.

Table III shows the relevant physical data assumed for these four bundles;

all four are based on the 46mil bundle shown in Table II. The Df values

Table III. Passive Coupler Terminations
Physical Dimensions

Nom. Fiber D d D
Size Count
(mi1) (mil) (mi1) (mi1)
46 285 41.58 2.463 45.79
\/2x46 570 58.80 2.463 64.06
187 4,512 165.44 2.463 175.96
\/16x46 4,560 166 .32 2.463 176.88

found in Table III are calculated using

D = 1.02 D (17)

f

The transmission, TC, of these four conventional terminations may
be calculated fron

T.= (1R ) G R (18)




where R. 1s given by Eq (4),

Ra is given by Eq (7), and

G can be calculated from Eq (14).

The results of these calculations are summarized in Table IV. These results

Table IV. Passive Coupler Terminations
Optical Transmission

g$gz (I-Rc) ; R L
(mi1) - B - dB - B d
%6 9433 =26 7924 101 8186 -.87 6119 -2.14
\2 46 9433 -.26 8098 -.92 8186 -.87 6253 -2.05
187 9433 -.26 8497 -.71 3186 -.87  .6561 -1.84
Vioxds 9433 -.26 8498 -.71  gise -.87 6562 -1.84

were used in the Introduction and Will be used in Section IIT. The terms

Tug» Tes and T, are used in Section III to refer to the values of T
shown in Table IV; the subscript denotes the nominal diameter of the

fiber optic bundle. The valuz of P=GRa shown in Eq (13) gives a measured
Tc value of T es = -6518.

Two other large diameter bundles made from the 177mi1 diameter
material had incomplete filling by the epoxy in the terniination region.
These two bundles used 180mi1] diameter ferrules and had lengths about
the same as the two bundles discussed above. In this case the packing
fraction is slightly worse than for the 187mi1 bundles; however, the
transmission of both the short and long fiber bundles is slightly
higher than for the 187mi] bundles. Microscopic examination with
transmitted 1ight shows that the fibers that are not surrounded by
€poxy are transmitting light through both the core and the cladding.
Thus, the incomplete filling with epoxy at each end resulted in about
an 8% increase in transmission. This result is potentially useful in
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constructing passive couplers. For short distance transmission, the
packing fraction of convent’onal terminations can be increased from
about 65% to about 79% by using both the coreﬂand ciadding to trans-
mit light. This can be accomplished by using a bonding material in
the terminations that has a lower index than the cladding glass

(n = 1.48). Silicone resins such as Sylgard 182 with n = 1.43 and
cyonoacrylate adhesives such as Rapid-Set with n = 1.44 are two
materials which meet this requirement. Both materials are recom-
mended for use at temperatures in excess of 125°C. Rapid-Set cures
to form a clear solid; unfortunately Sylgard 182 is a gel anc is not
compatible with optical polishing techniques. A rigid Silicone resin
has been identified; however, its index of refraction (n = 1.47) is
too close to the cladding glass value to give useful total internal
reflection at the surface of the cladding glass.

¢ FIBER BUNDLE INTERFACES

Misalignment between two fiber bundles or a fiber bundle and a
scrambler rod can give rise to an optical loss that is associated with
the termination. Equation (19) gives an expression for the overlap
area lost when two rods of equal diameter, Dr’ are displaced by a small

amount A.
i s 2 LAy, A Sy (AY
Fractional Lost Area = = {%1n (D )+ D 1 (D )] (19)
r r r
For small displacements in which
A £ 0.1D, (20)
Eq(16) reduces to
Fractional Lost Area = A4 . 1.273 él- (21)

“Dr §
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Thus, for small displacements, the lost area is linear with displace-
ment. For a 187mil diameter, a 0.7867% displacement corresponds to
1.47mi1 and results in a lost area of 1.0%. Equation (21) is very
useful in the design of passive couplers because it sets the limits
of tolerances needed to achieve adequate alignment between scrambler
rods and fiber bundle terminations.

Direct butt joints between conventional terminations on 65mil
diameter fiber bundles have been evaluated and compared to a fiber )
bundle/fiber bundle interface using a scrambler rod. The butt joints
show a maximum transmission of about 55% with some rotational sensi-
tivity. The transmission is always higher than the value expected
for a worst case alignment between two highly ordered fiber arrays.
This suggests that the interface between two disordered arrays of
fibers will always contain regions in which the fiber/fiber alignment
is good and other regions in which alignment is poor.

Use of a scrambler rod in the fiber bundie/fiber bundle inter-
face reduces the rotational sensitivity. However, the combination
of the two added front surface reflection losses and the full termina-
tion loss of the receiving fiber bundle causes the transmission to
drop to 50% when the scrambler rod is added.

Several index matching fluids have been evaluated in these inter-
faces, both with and without scrambler rods. These matching fluids have
typically been the unpolymerized resin of a Silicone or epoxy system used

without adding the hardner or curing agent. The index of refraction
has ranged from n = 1.43 for Sylgard 184 resin to n = 1.62 for an
epoxy resin made by the Dow Chemical Co. In general, the use of a
matching fluid increases the transmission and the rotational and posi-

tional sensitivity. The interface transmission without matching fluid is
T§=(1-RC)2; RC is defined in Eq(4). With an ideal matching fluid the
interface transmission is 1.0. Thus, the maximum increase in interface

transmission to be expected from the use of index matching fluid is
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2 = (100) = 12% (22)

Apparent improvements both greater and less than this value (9 to 15%)
have been observed. Most of this variation can be accounted for by
inadequate reproducibility of the physical placement of the parts
before and after the fluid is added. However, it is also probable
that the measurements are further complicated by the presence of
significant multiple reflection and interference effects when the
matching fluid is not present.

The general form for front surface reflection for normal inci-

2
n,-n
R:(l 2> | (23)
n,+n,

where n, and n, are the two values of index of refraction at the inter-
face in question. When Sylgard 184 resin is used as a matching fluid
for Galileo fibers, the two index of refraction values are

dence 1is

n, = 1.43 (Sylgard 184)
(24)
n, = 1.625 (fiber core)
For this case, the front surface reflection from Eq(23) is
R = .0041 (core/Sylgard) (25)

Table V shows the value of front surface reflection expected for three
common index matching fluids. These data indicate that the index of
refraction values do not have to be closely matched to achieve a signi-
ficant reduction in front surface reflection, The Sylgard 184 resin is
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Table V. Front Surface Reflection With
Index Matching

4

Matching Fluid n N, R

1
Air 1.00 1.625 .0567
Sylgard 184 1.43 1.625 .0041
Ablestik Epoxy 1.52 1.625 .0011
Dow Epoxy : 1.62 1.625 2.3x107°

the most desirable index matching fluid for use in military systems.
Even though this material has the greatest index mismatch, its viscosity
shows very little change with temperature and its useful temperature
range is -55°C to +200°C. When hardner is added, the Sylgard 184 cures
to form a clear resilient Silicone rubber. Thin discs of cured

Sylgard 184 can also be used for index matching.

D. ETCHED TERMINATIONS

Various etching experiments to remcve the cladding glass from
the fibers were performed on the program. - The goal of these experiments
was the development of a reproducible technihdé~¥6F‘improving the trans-
mission of Fiber optic bundle terminations. While this goal was not
achieved, significant progress was made. The results of these etching
experiments are presented in this report to document the effort for the

use of other workers in this area of technology.

Removal of the cladding glass from the glass fibers by etching
would increase Ra from .8186 to 1.0 -- an increase of 22% (0.87dB) in
the transmission of the termination (See Table II). The cladding must
be removed only for a short length at the ends of the fiber. Thus, the-
attenuation of the bulk fiber betwecn the terminations would be unaffected
and the increased attenuation of the unclad region would be negfigib]y
small due to its short 1eng£h. Good control of the etch rate is required L
to make this technique useful. If the fibers are under-etched so that
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all of the cladding glass is not removed, the full transmission improve-
ment will not be realized. If the fibers are over-etched, the core glass
will be reduced in diameter and the transmission of the termination will
drop as the etched bundle diameter gets smaller than the diameter of the
interfacing component. In general, controlled under-etching is always
preferable to over-etching.

Due to the dissimilar characteristics of the core glass and clad-
ding glass used in the Galileo fibers, it may be possible to formulate
an etch solution that would selectively remove the borosilicate cladding
without etching the lead glass core. In any case, the etched fibers will
be held in place and supported in the ferrule by an epoxy. If a clear

epoxy is used that has an index of refraction less than the core glass,

then the epoxy will serve as a cladding layer on the unclad portion of
the fibers.

A length of 150mi1 diameter solid clad rod was obtained from
Galileo for possible use as scrambler rods in the construction of passive
couplers. This solid clad rod contained the same core glass and cladding
glass in the same proportion as the 2.5mi1 diameter fibers in the fiber
optic bundles. A piece of the solid clad rod about 1.0in long was
masked over half its length with black wax and then submerged in hydro-
fluoric acid (HF) for about 12 hours. The HF definitely etched the clad-
ding glass and reacted with the lead glass in the core. However, the
reaction with the core glass left a solid residue that was not soluable
in the etching solution. This solid residue forms a rigid fossil of the
core glass that can be removed from the unreacted remnant of the core.

In the 12 hour etch time the HF reacted with the glass fiber to a depth
of about 60mi1. This left a 30mi1 diameter rod of unreacted core glass
at the center of the rod. The depth of the reaction at the end of the
rod was about the same as on the sides. This experiment shows that the
cladding glass can be etched with HF and that visible solid reaction
products form when the HF reaches the lead glass in the core. The solid
residue is believed to be lead fluoride (PbF,), since it is insoluable
in HF, but does dissolve in dilute nitric acid.
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The etch rate from this experiment is about 5.6um/min. Since the {i
thickness of the cladding glass on the 2.5mil diameter fibers is only i
3um, this etch rate is much too rapid for adequate process control.

Since the cladding glass is supposed to be chemically and phys-
{ ically identical to Corning type 7052 glass, some large diameter, thin
i discs of 7052 glass were obtained, so that thickness changes as a result
of etching could be determined by weight changes, using a very accurate
metallurgical balance. In order to se this technique, the density of

the glass must be known. One published value was found, giving the i
density as 2.28g/cm*. A check on this value was made by measuring the
diameter and thickness of one of the discs, calculating the volume of
the disc, and weighting the disc. The resulting value for the density
is 2.27g/cm?, less than 0.5% different from the published value.

-

The diameter of the disc was 1.029inches, and the thickness was
6.97mils. For a disc, the material thickness removed from all surfaces

can be related to the weight change by the expression:

3 _ Wt. Change . 1
| ts = “Density ~ W,(04/2¥Ty) (26) |

where tS = thickness of material removed from each surface
Dy = diameter of the disc :
”f ! Ty % thickness of the disc {

For a disc with a diameter large compared to its thickness, which

is the case, here, the expression reduces to

_ Wt. Change , _2_
ts Density nDé (27)

Using the above expression, several etching experiments were eval-
uated by weighing the 7052 glass disc before and after etching.
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A buffered hydrofluoric acid solution was first tried at room
temperature with agitation of the etchant. The etch time was 30 minutes.
The etch rate was 1.7um/hr. This was considered to be tco slow.

A 5% hydrofluoric acid solution yielded an etch rate of 10um/hr.
A 10% solution yielded an etch rate of 18um/hr. To remove a 3um cladding

from actual fibers would require 10 minutes. A small bundle of fibers
was then etched for 10 minutes in a 10% HF solution. The first observa-
tion was that the fibers became extremely fragile when immersed in the
etch. Even slight agitation of the bundle caused the fibers to break,
even during the first minute of etching. After 10 minutes, the remain-
ing fibers were examined with a metallurgical microscope. Extreme dif-
ferences in the degree of etching was observed among the individual
fibers. Some fibers were etched to diameters of less than one mil, while
other fibers appeared to have been etched only slightly or not at all.
It was thought that the reaction may have been sufficiently exothermic
to have caused heating near the center of the bundle, resulting in
excessive etching of fibers in this location.

It was decided that an etch which required heating to achieve an
acceptable etch-rate would be less likely to cause non-uniform etching
due to an exothermic behavior.

The buffered hydrofluoric solution which had been too slow at room
temperature was heated to 50°C, and the etch rate was determined using
the 7052 glass disc. The etch rate was 917um/hr, so that removal of
3um would require 18.5 minutes.

To further eliminate the possibility of non-uniform etching caused
by bundling of the fibers, fibers were laid down side-by-side on the edge
of a plate, and held in place by an inert wax. When immersed in the hot
(50°C) buffered solution, the breakage problem again occurred. After
etching, the fibers which were still attached to the plate were examined.
Extreme differences in etch rate were again observed. Small clusters
of crystalline material were also present on many fibers.
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At this point it was learned that Galileo coats the glass fibers
with a lubricant so that they will slide freely against each other and
allow bending of the bundle without fiber breakage. A lubricant of the
type used could be expected to cause problems when etching with aqueous
solutions.

Some fibers from a .045in diameter Galileo bundle were cleaned in
one rinse of trichloroethylene, followed by two rinses in acetone. The
fibers were attached to a piece of clean silicon (which is inert to the
etching solution) using black apiezon wax and were etched in hot (50°C)
buffered oxide etch for 10 minutes. The resulting fibers e=xhibited smooth,
uniform surfaces, with no evidence of crystallite clusters on the fibers
as had been observed previously when etching experiments were performed
on fibers which had not been solvent cleaned. However, a good method for
determining the amount of cladding glass removed has not been developed.
Comparison of fiber diameters between etched and unetched fibers from
the same bundle is not particularly meaningful because of the variation
in fiber diameter of the unetched fibers.

Solvent cleaning appears to be beneficial for uniform etching and
fiber breakage was not as severe in the solvent cleaned bundle. The
results look promising; however, more effort will be required to develop
a technique for measuring etch rate on individual fibers.

| COMPRESSED TERMINATION

Compression of the termination region of a fiber optic bundle to
eliminate the dead space between fibers increases G from its uncompressed
value to 1.0. Figure 2 and Eq(14) show that the area coverage of the
fibers, G, is dependent on the ratio of bundle diameter to fiber diameter,
D/d. For a fixed fiber diameter, d, Table IV shows that G has a lower
value for small diameter bundles. Thus, using compressed terminations,
greater improvements in G are possible for small diameter bundles because
there is relatively more dead space in a small diameter bundle than a
large diameter bundle of the same fibers. Combining Eq(3) with Eq(14)
and the approximate formula for D/d given in Figure 2 gives an
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approximate expression for G in terms of the number of fibers in the
bundle

6 = 90N
l_.895 + (N-3.7)1‘J2

(28)

Equation (28) is accurate to better than 2% for N > 19. This expres-
sion shows that as N increases (larger bundle diameter), G approaches
the 1imiting value of .907. From Table IV the expected improvement
in Tc ranges from 26% (1.01dB) for the 46mil1 diameter bundle to 18%
(0.71dB) for the 180mi1 diameter bundle.

The Galileo fiber optic bundles use two widely different types
of glass for the core and the cladding. The core is a high lead glass
which has a high index of refraction (n = 1.625), a high temperature
coefficient and a 1ow melting point. The cladding is a borosilicate
glass with a 1ow index of refraction (n = 1.48), a low temperature
coefficient and a high melting point. One result of this is that the
core glass can be liquid at a temperature at which the cladding glass
is still solid or only slightly soft. The cladding glass is soft
enough to deform and fuse together at 1100°F (~590°C) with pressure.

Tests were performed to soften the glass fibers by direct heat
in order to determine the problems associated with forming compressed
terminations. Fibers were rapidly heated both with flame and with resis-
tance wire heaters. These rapid heating tests showed that the cladding
glass tends to crack as the fibers are heated. This cracking phenomenon
can be understood by considering what happens when the fibers are
initially formed. As the hot clad fiber is drawn, the cladding glass
solidifies and the core glass rema‘ns 1iquid because the cladding glass
has a higher softening point temperature than the core glass. In this
state, there is little or no strest induced in the glass because stress
is relieved by motion of the liquic¢ core. As the core glass cools, its
shear strength increases and the <stress begins to build up. Since the

30




fiber is cooling and the core glass has a higher expansion coefficient
than the cladding glass the stress causes the core glass to be in
tension and the cladding glass to be in compression. Glass is not a i
true solid but rather a very viscous 1iquid. Therefore, as it cools
there is no specific temperature at which it becomes a solid. Rather,
as the temperature of the glass is lowered, the viscosity and strength
increase steadily. Thus, even though the fiber appears to be solid,
the core continues to move within the cladding to relieve the strain
induced by cooling. This process continues down to an effective
strain relief temperature at which the shear strength of the core
glass is sufficient to withstand the strain induced by further cooling
of the fiber. Thus, the net strain in the fibers under use conditions
is only due to the difference between ambient temperature and the
effective strain relief temperature and the difference in the tempera-
ture coefficient between the core glass and cladding glass. ‘, i ;

Brittle materials, like glass, are strong in compression and weak
in tension. Also, glass breakage is almost entirely the result of
cracks propagating into the glass from the surface. Since the surface
: layer (cladding) of these glass fibers is in compression, the microcracks ﬁr
v and other flaws in the surface tend to remain closed and not propagate

intc the interior of the fiber. The core glass is in tension; however,
it is surrounded by cladding glass and thus has no free surface at which
cracks can originate. The combination of these effects results in a
fiber that is quite strong and stable. If a clad fiber is to be broken
with a pure tension force, that force must be sufficient to overcome
the built-in compression at the surface and put the surface in tension
so that cracks can propagate into the bulk from the natural flaws at the
surface of the cladding glass. This same phenomenon is used in‘"tempering"
? plate glass used in store windows and glass doors. In the case of
g - "tempered" glass the surface layer is put in compression by an ion-
exchange process similar to that used in the production of some self
focusing fibers.
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In almost all glass forming systems there is a good correlation
between optical index, temperature coefficient and melting point. Since
all useful fiber optic bundles have the low index of refraction glass
at the surface, all fiter-opi.c bundles will have this compressive stress
at the surface. This statement is valid for both clad fibers and unclad
self-focusing fibers. Clad glass fibers with low NA will tend to be easy
to break because of the close match in temperature coefficient between
the core glass and cladding glass. This is at least partially offset in
the case of Corning low-loss fibers by the high value of effective strain
relief temperature and high inherent strength ¢f a nearly pure quartz
(Si0,) system.

As a clad glass fiber is heated, the core expands mcre rapidly
than the cladding; however, the surface stays in compression up to the
effective strain relief temperature of the fiber. Thus, rapid heating
to above the effective strain relief temperature will cause the cladding
glass to crack; the fiber may break even though the core and cladding
are both relatively rigid at that temperature. If a clad glass fiber is
heated at a point remote from its end, the tendency to crack the fiber
is even more severe. Even if the fiber is heated slowly enough for
strain relief to accur, the high expansion core glass is still trapped
inside a container of the more rigid and lTow expansion cladding glass.
In this case, cracking of the cladding glass and loss of the fiber is
almost inevitabie. If the clad fiber is heated slowly in a relatively
shiort region which includes the end of the fiber, the cladding glass
will be much less likely to crack. These conditions tend to duplicate
the conditions which occurred as the fiber cooled after being drawn.

One Targe difference is that the surface strain is always compression
when the fiber is cooled whereas the surface strain is always tension
when the fiber is heated--regardless of how slowly it is heated. In

any event, slowly heating a region of the fiber which includes the

end offers the possibility of strain relief that is not present when
the fiber is heated rapidly or when the heated region does not include
the end of the fiber. This is the basic premise behind the design of
the fixtures for compressing and fusing the end of the fiber optic
bundle.

e 7 o
i e N o
3 ol i




When a reproducible etching process is developed for removing
the cladding glass from a short length near the end of the fibers,
the problems associated with fusing and compressing the end of the
bundle are greatly reduced. In this case only core glass is present
at the end of the bundle so_that neating will not produce any stress
in the fibers. Also the lower deformation temperature of the core
glass will allow the entire process to be performed at a lower tempera-
ture than the 1100°F required for the Galileo cladding glass. Combina-
tion of etching, compression and index matching offers the possibility
of a termination with a transmission of 1.0 (0.0dB loss).

Four different styles of compression fixtures were constructed
for this investigation. The first two fixtures are shown in Figure 6.

Inconel was selected as the material for these fixtures because
it has a lower value of thermal expansion coefficient than the glass
used in the fibers. This difference causes the glass to contract more
on cooling and makes it possible to remove the finished termination

from the fixture.

The end-push fixture is basically a funnel with an input diameter
of 250mil tapering to a straight section having a diameter of 170mil.
The fiber bundle is inserted into the funnel at room temperature aru
stops at the point at which the funnel diameter is 177mil. The fix-
ture is then heated uniformly to a temperature of 600°C (dull red).

The mechanica! configuration insures that the end of the fiber bundle
is heated first. When the fixture reaches 600°C the fiber bundle is

slowly pushed into the funnel until it reaches the heater block.

Some of the significant results achieved with the end-push fix-

ture are:

Fiber bundles were heated to 600°C without
excessive cracking of individual fibers.

The bundle diameter was successfully reduced
from 177mi1 to 170mi1 (see Table II).




-Inconel
Fixture
a. End-Push Fixture

Inconel
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b. Side-Push Fixture

Figure 6. End-Push and Side-Push Compression Fixtures
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Deformation of the cross section of individual
fibers was observed.

The fiber bundles do not stick to the fixture;
the compressed termination can be removed when
the temperature drops to 400°C.

No discoloration of the glass was observed.

Thus, it appears that there is no reaction between
the fixture and the cladding glass and no precipita-
tion of lead in the core glass of the fibers.

The end-push fixture is not satisfactory for making useful com-
pressed terminations because the required axial force causes the softened
fibers outside the fixture to bend and distort during the pushing
operation.

The side-push fixture shown in Figure 6 is a funnel with a
movable section in one wall. With the movable section in the "closed"
position, the fuine! has a top diameter of 187mil tapering t¢ an end
section having a 170mi1 diameter. In this fixture the movable section
is placed in the "open" position and the fiber bundle end is pushed
into the fixture to the heater block. The fixture is then heated to

600°C; at that point the movable section is slowly pressed into the

"closed" position and allowed to cool.

This side-push fixture does not cause bending and distortion
of the fiber bundle outside of the funnel. Figure 7 shows a photo-
graph of a portion of a compressed termination made with the side-push
fixture. This compressed. termination used one of the 177mil diameter
(funnel measurement) bundles shown in Table II. Only a few fibers are
broken; most of the dark fibers in the photograph are the result of
non-uniform lighting and poor end finish on the other (uncompressed)
end of the sample.
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fiber optic bundle compressed

to 170mil1 diameter using the
side-push fixture at 600°C.

S e

.

Compressed Termination

Figure 7.

Side-Push Fixture

36

T




The circular border visible in the photograph is the edge of the
field-of-view of the microscope and not the edge of the fiber optic
bundle. The distortion in the shape of the individual fibers clearly
shows that a significant improvement has heen made in the transmission
~f the termination. However, there is still some dead space between
the fibers--the dead space is most apparent in the areas wnere the
fibers do not form a complete hexagonal pattern. In the hexagonal

regions, the dead space is very low. No transmission measurements were
made on this termination; however, the 4% dead space predicted from
the data of Table II is consistent with the appearance of Figure 7

In the side-push fixture, all of the compression motion is
exerted from one side. This one-directional compression resulted in
excessive shearing of the individual fibers near the edge of the side-
push fixture. Also, the moving portion of the side-push fixture formed
a full one-half of the cylindrical end portion of the termination. As
a result, this moving element had two knife edges that were easily bent
and damaged. In order to overcome these disadvantages and ob’ain more
uniform compression of the fiber optic bundles, two new compression
fixtures were designed and constructed.

Figure 8 shows a top view of the y-push circular compression fix-
ture. In the closed position, this fixture has the same tapered funnel
cross section as the side-push fixture. In this case, the use of three
moving elements gives more strength to the sharp edges by increasing
the angle at the edge from zero to 60°. In the open position, the use
of three moving elements means that only a small motion is required of
each element to accommodate the uncompressed fiber bundle. For example,
a tightly packed but uncompressed bundle of 2.6mil1 diameter fibers with
a bundle diameter of 186mils should compress into a bundle diameter of
175mil1 (see Table II). A y-push fixture designed for this bundle would
have a closed diameter of 175mil. The three moving elements will have
to move back about 18.5mils to accommodate the uncompressed bundle.

With this small displacement of the moving elements and the three-way
compression, the shearing force and distortion of the individual fibers
is much more uniform than in the side-push fixture.
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Figure 9 shows a y-push hexagonal compression fixture, that
was designed and constructed. The philosophy and operation of the
y-push hexagonal fixture is basicq]]y the same as the y-push circulayr
fixture. For the closed position, the distance between the flats, H,
is related to the compressed diameter, D, by

= ,95232D (29)

Thus, for a compressed diameter of 175mil the size of the hexagon is

v

H= 167mil (30)

and the moving elements will move back Tlmils to accommodate the un-
compressed bundle.

The support for the compression fixture was improved by the
addition of dead weights to automatically close the y-push fixtures as
the glass fibers soften. With the side-push fixture, the moving element
was closed by hand after the fibers were heated to the softening pCiat.
This sudden forced motion may have contributed to fiber breakage and
unnecessary distortion of individual fibers. The use of weights to
allow steady closing of the fixture at a natural rate results in fewer
broken fibers and a more tightly packed termination.

The improved support for the y-push compression fixtures is
shown in Figures 10 and 11. The support consists of an aluminum base
plate one half inch thick. Six 1/2in diameter stainless steel rogs
support an asbestos composition plate one half inch thick. The heater
block rests on the asbestos composition plate and the y-push compressiodf
fixture rests on heater block. The heater block is made of copper.
Holes for the two cartridge heaters are shown in Figure 10. The y-push
circular compression fixture is shown in Figure 11.

The y-push compression ii.tures each consist of eight separate
pieces--three sliders, three pentagon shaped blocks which serve as
the walls of the sliders, the positioning plate, and the top retaining
ring. These pieces are made of invar with an industrial chromium
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Y-Push Compression Fixture Support, Side View

Figure 10.
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plating. Invar was selected for these fixtures because of its Tow
thermal expansion coefficient. The higher thermal expansion coeffi-
cient of the glass fibers causes the compressed termination to con-
tract on cooling and relezse from the fixture. The copper heater
block is also chromium plated to retard oxidation during the heat
cycle. The three pentagon shaped blocks are pinned to the bottom
positioning plate. The top retaining ring holds the sliders in place
and also secures the assembly to the asbestos composition plate.

Three of the stainless steel rods are used as positioning rails
for weights to actuate the sliders. The weight> are mounted to the rod
by ballbearing assemblies. Force is transferred to the slider by means
of an adjustable pin. The pin is made of stainless steel and is pointed
on the end which contacts the slider in order to reduce the heat trans-
fer during the heating cycle. The pointed end of the pin fits into a
cone shaped hole in the end of the slider.

The heat cycle lasts approximately two hours. The heat-up
cycle lasts approximately 15 minutes. The fiber bundle is not removed
from the fixture until the temperature is below 100°C. The temperature
is monitored by a thermocouple located under one of the screw heads.
The sliders start to move when the temperature is approximately 580°C,
and have usually moved all the way in when the temperature reaches 590°C.
The temperature at the fiber optic bundle is probably higher.

Measurements were made on a 4.75in length of 189mil diameter
(funnel measurement) fiber optic bundle with y-push circular compressed
terminations on each end. The compressed terminations were epoxied
into brass ferrules and polished to achieve optically smooth surfaces.
Due to the presence of broken fibers in the bundle, transmission
measurements were made using a 64mil diameter aperture with the posi-
tion adjusted for maximum signal. The measured transmission was

Ty = 0.7 (31)
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The expected transmission for a fiber bundle with compressed
terminations on each end (no dead space) is

P 2
T3 = (1-RC) a Ra

The attenuation of the 4.75in length at 0.2dB/ft is
a = 982
Combining Eqs (4), (7) and (32) gives the expected value of T,
T, = 0.715 (34)

Comparing the measured and expected values of T;, Eqs (31) and (34), show
that the measured value is 97.9% of the expected value. Thus, the dead
space has been reduced to 2.1% of the area. The close packing of one

of these compressed terminations is shown in Figure 12.

Figure 13 shows a portion of a compressed termination made with
the y-push hexagonal compression fixture. The ends of the fibers form
a more uniform hexagonal shape than in the circular termination of
Figure 12. This may indicate that the hexagonal fixture produces more
uniform compression. No transmission measurements were made on fiber
bundles with hexagonal compressed terminations.

The effort on compressed terminations has been very successful.
The techniques developed show good promise for use in high-performance
optoelectronic data transmission applications where maximum termination
transmission is required.
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SECTION III
PASSIVE COUPLER DEVELOPMENT

Construction of a data bus requires the use of signal coupling
devices which make it possible for each station to receive signals from
the bus and transmit signals onto the bus. The vital nature of the
signal transactions on an avionic data bus dictates that a strong
emphasis on system reliability be used in the coupler design. In
general, repeater systems are not employed in data buses because damage
to one repeater would interrupt signal flow on the entire data bus.

In an optoelectronic data bus, the various stations are inter-
connected with flexible fiber optic bundles. The desired signal coupling
device should provide the following functions:

e A portion of the optical signal should be
removed from the bus for detection.

o The undetected remainder of the optical signal
should be passed on for distribution to the
other terminals on the bus.

e Optical signais generated in that terminal should
be coupled onto the bus and distributed to the
other terminals.

Meeting these requirements provides fault isolation on the optoelectronic
data bus so that failure of one of the stations on the bus will affect
only that station and will leave the remainder of the bus unimpaired.

Two basic schemes have been reported!:? for providing these functions in
an optoelectronic data bus; both schemes have been investigated on this
program. One approach uses an in-line configuration in which individual
stations are sequentially interconnected by flexible fiber optic bundles.
The other approach uses a radial configuration in which all stations are
connected by flexible fiber optic bundles to a centrally located mixing
point.
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A. ANALYSIS

The uniform duplex data bus loop shown in Figure 14 is an example of ;
an in-line system. Other possible variations of this approach include 1
- simplex systems with data transmission in only one direction and tapered d
duplex systems in which the passive couplers are made different for gach
station to optimize the received signal. Any of these in-Tine systens can
be either open ended or closed into a Toop as shown in Figure 14. The
passive optical couplers used with in-Tine sysiems are called T couplers;
Figure 15 is a schematic representation of a duplex T coupler that could
be used in the uniform duplex data bus of Figure 14. The scramblers shown
in Figures 14 and 15 are short lengths of solid clad glass rod with the same
diameter as the body of the coupler. The purpose of the scrambler is to
', uniformly distribute the optical energy entering the LED port over the arec

yo

Detector Port

mbler Rod
(typ)

Scra

1/0 Port
(typ)

LED Port

b,

j

Figure 15. Uniform Duplex T Coupler
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of the ey

in the fiber optic cable leading to the next station.

ducible sample of the tota] signal on the bus at each station.

A radial duplex data bys is shown in Figure 16.

1s required for construction of a radial data bus and th
be located at one of the stations.
tion of a radial coupler.

at coupler need

to the diameter of all of the radial arms bundled together.

flects all rays back into the scrambler so that every radial
to every other racial arm,

The mirror
arm can couy

The performance of a passive optical coupler can be described in t

of a transmission factor, one or more Quality factors and a coupling fact
In this report, T, and CT are used to desi

coupling factor for a T coupler;
are used.

The transmission factor describes the fraction of input
power (

at an input port) that is coupled to the output port.
of transmission factor is

T. or T. = \power at output port)

T * (power at input port)
The transmission factor is always less than one because of the intentional
removal of optical power at other ports and because
coupler. The coupling factor is basically an

fraction of total power removed from the bus.

The definition of coupling
factor is

- (scrambler area attributed to a_detector port)
CrorC, =

I

This definition of the coupling factor is very basic and general. It was

chosen because it accurately represents the performance of both T and

radial couplers and allows the use of common terminology in describing

both types of data bus systems. The fraction of input power coupled to

the detector port will always be less than predicted by Eq(36) because
[}
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it port so that it will be coupled into all of the individual fibers

This insures a repro-

One passive coupler

not

Figure 17 shows a schematic representa-
In this case, the scrambler has a diameter equal

re-
ple

erms
or.

gnate the transmission factor and
for a radial coupler the symbols T, and C,
optical

The definition

(35)

of optical losses in the
area ratio which describes the

(total area of the scrambler) (36)
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of reflection, packing fraction, and attenuation losses in the detec-
tor side arm. The coupling factor defined by Eq (36) cannot be measured
optically on a finished coupler. However, this coupling factor has
jreat practical value as a design parameter because it specifies the
area that should be attributed to the detector port independent of

the losses in the detector side arm,

1. T Coupler

Two quality factors are required to accurately represent
the performance of a T coupler. A general T coupler schematic is
shown in Figure 15. The transmission quality factor, m provides
a measure of the losses in the transmission path. Using Eqs (35) and
(36) and assuming equal scrambler areas attributed to LED and detector
ports, the transmission quality factor is defined as

[
T
| T -
my = Too7 (3/’)
T 1 2CT
! which may be rearranged as
TT = mT(l-ZCT) (38)

From Eq (37), my is the ratio of the power at the output port to the
power into the area attributed to the output port. The coupling

quality factor, mes provides a measure of the losses in the detector
side arm; it is defined by

n. = (power at detector port) (39)
C  (power into scrambler area attributed to detector port)

The detector port output power Po can now be expressed as a function

/ !
E of coupler output power Pa:
é‘ Po 3 CTmCPa (40)
: %. Due to the physical symmetry of the T coupler, it will be assumed that
" the coupling quality factor is the same for the LED side arm and the

detector side arm. In an actual coupler, the values could be different
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because of broken fibers and/or differences in packing fraction. In
addition, the amount of power coupled into the LED part is strongly
dependent on the radiation pattern of the LED. Losses at the LED

port over and above those included in me should be charged against the
LED and not the coupler. An LED quality factor, m , should be used to
represent the LED-derendent losses. The definition of m is

RE & (power into area and NA of LED port) (41)
L (total output power of LED)

Thus the product mem represents the efficiency with which the total
LED output power Pj is coupled to the bus.

The values of My and me can be combined to give an overall
quality factor, m, for the T coupler. This overall quality factor is
defined by

_ (power sum at output, detector & LED ports)
(power at input port)

(42)

This factor does not appear in the system design equations; however, it
is useful as a parameter to assess the quality and perfection of the
technology used to construct a coupler. The value of m can be obtained
from Eq (42) using Eqs (35) and (36).

m= T, + 2m.C (43)

T c'T

Combining Eq (43) with Eq (38) to eliminate Ty gives

m= my [}'ZCT( 2 2%5] (44)

If the coupling factor, CT’ is small, Eq (44) shows that the overall
quality factor is about equal to m;. In fact, if me = M the overall
- quality factor is equal to my for; all values of CT‘ In general, quality
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factor is a transmission parameter which designates the complement of the
attenuation or loss; when losses are zero, quality factor has its maximum
value of one.

A serious effort has been made to define parameters that
describe the performance of T couplers without resorting to any particu-
lar technology or construction technique. Because of this, Eqs (35)
through (44) have relied heavily on general word definitions rather than
schematics or pictures of a specific type of T coupler. This general
T coupler model is used in Appendix II in the analysis of an in-line
data bus. Section III.B. considers specific coupler structures in
detail and identifies the physical characteristics that contribute to
the various performance factors.

The analysis of an in-line data bus presented in Appendix II
shows that the worst case signal transfer occurs when the station at one
end of the bus is communicating with the station at the other end of the
bus. For an N station bus, the worst case power ratio, RPT’ is

P 3, T T m N-2
oN C L C i \
- 5 _[ ] [a TCTCmT1 ch,:I (45)

11

where PON is the output power at the detector port of station N, and
Pi1 is the input power at the LED port of station 1.

The term a, represents the average attenuation between adjacent stations
and is defined in Eq (164) of Appendix II.

Equation (45) shows the relative importance of the parameters of
the T coupler in determining overall system performance. The transmis-
sion\qua]ity factor, mr, appears with the exponent N-2; whereas, the
coupling quality factor, mes appears with the exponent 2 independent of the
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number of stations on the bus. Thus, my has much greater significance
than me in determining system performance and the greatest emphasis
should be placed on increasing the value of My The worst case power
ratio can be maximized by setting the derivative of Eq (45) with
respect to CT equal to zero, and solving for the optimum value of CT'
This operation gives (see Appendix II for derivation)

1

Copt = Z(N-T) (46)

From Eq (46), the optimum value of CT is dependent only on the number
of stations on the bus. Specifically, this means that C opt is inde-
pendent of quality factor and fiber optic attenuation; this is a very
general result with no limiting assumptions or approximations. Thus.
Eq (46) and Eq (36) combine to specify the fraction of the area of
the scrambler that should be used for the detector nort. For equal
areas attributed to the LED port and detector port this area ratio
becomes

(Scrambler area attributed to LED & detector ports) _1 (47)
(Area of scrambler) N-1

Note that this area ratio is independent of the value of mc associated
with the LED and detector side arms.

The maximum value of the worst case power ratio for the
duplex bus is calculated by substituting Eq (46) into Eq (45). This
operation gives

[a T T [ 7T mr (- 2]”‘2
RPTlmax ol D) [ IN-T) (48)
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Referring again to the in-line data bus analysis presented in Appendix II. {
the worst case dynamic ra.age when the coupling factor is equal to Copt i
given by

1 N-1 | V-2
D = (49)
RT|opt aoTcTan N-2

2. Radial Coupler

Due to the symmetry of the radial coupler, only one quality
factor, m,, is required to describe its performance. A radial coupler
is shown in schematic form in Figure 17. The quality factor, m,, is
defined by

(sum of output power at all ports) (5

M = (power in at input port) 50)

» This is similar to the averall quality factor of the T coupler given in

. Eq (43). For the radial coupler there is no possibility of optimizing

: the coupling factor because the area ratio is uniquely determined by
the geometry. For an N-station radial duplex bus there are N input/
output ports all of the same area. Therefore, the total area of the
composite fiber optic bundle at the scrambler rod must be N times the
area of each input/output port. From Eq (36) the coupling factor for
the radial coupler is

Co = & (51)

From Eq (51) the coupling factor is again seen to be independent of
the quality factor or fiber optic attenuation. A complete analysis
of a radial duplex data bus is presented in Appendix III. Equa-

" tions (36) and (51) combine to specify the fraction of the area of

g the scrambler that should be used for the detector (input/output) port.
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(Area attributed to one input/output port) _ 1 (52)
(Area of scrambler) N

When power is coupled into any one LED port of a radial data
bus, all N detector ports receive power. In the ideal case of uniform
power distribution in the scrambler the transmission factor of the rad-
ial coupler is the same for all stations and is given by

Ty = mCy

Combining Eqs (51) and (53) gives

My

T, N

If the Tongest transmission path is between stations k and N

and station k is transmitting, then the worst case fractional power ratio
is given by

oN _ "2n T TN

p
Rox = 5

(55)
ik 2

where m is the LED quality factor, Eq (40)

Tfk and TfN are the transmission factors for the plugable
interfaces at the input/output ports of the radial coupler, and

. is the maximum fiber optic attenuation

The value of I is given by

a, = exp [-al]

where L is the total length of the data bus, and
a is the loss coefficient of the fiber optic bundle.
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Comparing Eq (56) with Eq (164) of Appendix II shows that

_ . N-1
a, = 2, (57)
- Using Eqs (54) and (57), the worst case fractional power ratio for the
radial data bus is
N-1
mmT Te Tey @
- L*c fk fN ©
Rpx 2N (58)

From Appendix III the worst case dynamic range, DR*’ for the radial
system can in theory be reduced to 1.0 (zero dB) by including equal
attenuation in each radial arm. In practice, the radial coupler will
always give a small dynamic range at the various detector ports be-
cause of nonuniform spreading of the light by the scrambler.

3. T/Radial Comparison

The worst case fractional power ratios for the in-line and
radial data bus systems are given in Egs (48) and (58) respectively.
Comparison of these expressions shows that fiber optic attenuation
(aoN‘1) is the same for both systems. However, for everything except
s fiber optic attenuation, the radial coupler gives superior performance.
' The ratio of worst case detector power for the two systems can be
obtained by dividing Eq (58) by Eq (48). This operation gives

Rpw 2T Ty T N-1) (N1 )2 (55)
Ror meq (7 T )2 \ N/
¢’ T @

c

For an 8-station system this ratio becomes

e SEf_= 4.41 m*TchkaN (60)
R 2 6
R mCTcTc(mTTcTc)
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This expression can be further simplified by comparing
specific systems. The TC in the numerator of Eq (60) arises at the
LED/fiber optic interface in the radial data bus and is therefore
about equal to me in the denominator which arises at the LED/fiber
optic interface in the in-line data bus. For a solid side arm
radial coupler and a split-rod T coupler Tsz TC and Tsz TC.

With index matching materials used at the internal interfaces in the
two couplers, typical values of the quality factors are m, = .848
and m. = .558. Using these approximations, Eq (60) reduces to

Rpx 6.7

PT (mTTcTc)G

(61)

With no index matching at the plugable interface, mr is about equal
to Té. For lead glass fiber T, ~ .94 and from Table IV a typical
value of T, is .656. Using these values Eq (61) shows that the
minimum detector power in the radial system is about 256 times
larger (24dB) as compared to the minimum signal power for the in-
line data bus. Even with index ma*ching and perfect terminations
(m;T _T_ = 1) the radial system is better than the in-Tine system

T'cec
by a factor of 6.7 (8.26dB).

The optimum value of dynamic range for an in-line data
bus, Dpr» is given by Eq (49) and the expected value of dynamic
range for a radial data bus about 2.0. Thus, the ratio of dynamic
range for the two systems is




For an 8-station data bus this ratio becomes

2 k]

The factor mTT T appears in both Eq (62) and Eq (63); the typical
values given above result in mTT T .545. For a 100ft data bus
using Galileo fiber at 0.2dB/ft the value of a_ is -2.5dB (0.562).
Substituting these values into Eq (63) gives

T:
R 1526 (31.8dB)
Pilkington fiber optic bundles (65 um fibers) at 100dB/km give

= 0.435dB (0.905) and mTTcTc = ,548 which gives

(19.4dB) (65)

Perfect terminations, mTTcTc= 1.0, and Pilkington fiber optic bundle,

a, = .905, gives

(3.6dB)

A radial data bus always has a better (lower) dynamic range than a
corresponding in-line data bus.
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Preliminary design effort has been completed on the sync
recovery circuits for use in the data bus to be constructed on this
program. This design effort has shown that the performance of the
bus is significantly reduced when the receivers must operate with a
large dynamic range. The dynamic range sensitivity in an opto-
electronic data bus is the result of a combinatior of effects related
to the unipolar nature of the optical signal®:® and the drift/noise
characteristic of the preamp in the receiver. The temperature related
drift in the output voltage of a well designed, photodiode/preamp
will be about 25uV/°CS5. For the temperature range -54°C to +125°C,
the dc output voltage will drift by about 4.5mV. For a data rate
of 10Mbit/s the required preamp bandwidth will be of the order of
10MHz and the total rms noise voltage at the output of the preamp
will be about 0.4mV. Thus, in a 10Mbit/s system the preamp drift
is 11 times greater than the rms noise. The effects of drift can
be overcome by using Manchester coded optical signals and ac coupling
in the receiver. A comparison of conventional and optical Manchester
signals is shown in Figure 18. The unipolar Manchester signal has a
constart duty cycle of 0.5. Therefore, the average value is indepen-
dent of data content and no information is lost by using an ac coupled
receiver.

With an ac coupled receiver and Manchester coded signals,
the error rate is determined entirely by the rms noise and is inde-
pendent of the drift. However, the dynamic range of received signals
can cause a severe problem that is illustrated in the lower half of
Figure 18. For a transaction with a near station the signal is large
and the coupling capacitor charges up to the average value of the
signal. If this is followed by a transaction with a distant station,
the signal is small and has a small average value. The coupling capa-
citor must discharge to this new average value before the small signal
can be properly decoded. This change in average value between trans-
actions has the same effect as a shift in threshold; it occurs only in
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a data bus where each station communicates with every other station
on the bus.

When the dynamic range is small (2-4) as in a radial data
bus, the coupling capacitor value can be selected to achieve discharge
during the dead time between transaction. When the dynamic range is
large {500-1000), as in an in-line data bus with Galileo fipners, the
dead time between transactions required for coupling capacitor dis-
charge is long and the data bus efficiency is lowered. Special cir-
cutts to clamp (discharge) the coupling capacitors at the end of each
transaction can be used. This approach maintains tne data bus effi-
ciency at the expense of the added cost and complexity of the discharge
circuit and the logic needed to actuate it.

A direct coupled receiver requires more optical power at
the detector than an ac coupled receiver because of the presence of
both noise and drift as possible sources of error. Figure 19 shows

// & / {?zmgoﬂ\éise

9.00mv
Min. Signal £

- /: D;jftv
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Peak Noise
Figure 19. Effect of Noise and Drift
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the relative effects of noise and drift for an optimized 10MHz preanp.
A random noise error rate of one error in 10° bits is achieved with

a peak/rms ratio of 5.62%; this gives a peak noise band of
(0.4mV)(5.62) = 2.25mV on each side of the outwut.
direct coupled receiver the minimum peak-to-peak signal is 9mV; in
the corresponding ac coupled receiver the minimum peak-to-peak signal
is 4.5mV. The use of a direct coupled receiver requires 2 times
(3dB) more minimum optical power on the detector than is required

with an ac coupled receiver with the same bandwidth.

Dynamic range in a direct coupled receiver causes a dif-
ferent problem than was described above for the ac coupled receiver.
Figure 20 shows typical waveforms for a weak signal and a strong
signal. These waveforms are typical for 10Mbit/s with a system

Weak
Signal

5.0
2.0 /

Strong
Sianal

Threshold

Thus, in the

Figure 20. Signals in a Direct Coupled Receiver
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bandwidth (3dB) of 10.0MHz. The threshold is set to properly detect
the weak signal; however, a strong signal that is 3 times larger than
the weak signal is not symmetrical about the threshold. For a dynamic
range of 12.5, no portion of the strong signal waveform will fall

below the threshold level. This deficiency can be overcome by increas-
ing the system bandwidth to give faster rise and fall time on the
signal waveforms. With faster rise time the signal will come closer

to the steady-state"on" or "off" level during each half bit time and
more dynamic range can be accommodated. However, optimized preamps
have an equivalent input noise current that is proportional to bandwidth.
For a constant error rate the requived signal power on the detector is
proportional to the amplifier bandwidth. Thus, in a direct coupled
system, dynamic range can be accommodated only at the expense of re-
ceiver sensitivity.

This discussion has shown that large dynamic range in an
optoelectronic data bus can be achieved. However, if a large dynamic
range must be accommodated, one or more of the following must be
employed in the receiver design.

o increased preamp bandwidth (this increases
noise),

longer dead time between transactions on the
bus (this lowers the data bus efficiency),

special circuits to discharge the coupling
capacitors (this increases circuit com-
plexity).

The small dynamic range offered by the radial data bus is a very
desirable feature.

Considering both the worst case power ratio and the dynamic
range, the radié] data bus is superior to the in-Tine data bus. Based
on this superiority, the radial configuration has been selected for the
8-station data bus to be constructed on this contract.
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SCRAMBLER DESIGN

Passive couplers for both in-1ine and radial data buses
require the use of scramblers. Figure 15 shows a T coupler for
use in a uniform duplex bus (in-1ine) which requires two scramblers,
Figure 17 shows a radial coupler for use in a radial bus which
requires one scrambler. The purpose of a scrambler in a passive
coupler 1s to accept 1ight from a small number of fibers and
spread that 1ight as uniformly as possible over the area of the
scrembler without altering the axial angular distribution of the
Tight. This function can be performed by an optically smooth
glass rod that 1s mirrorad on the external surface but not on the
ends as shown in Figure 21. The optical function of a scrambler
1s much the same as that of each fiber in a fiber optic bundle.

Fiber

Bund]e—\ ————_ Ls —_—

£ ==I===_==___
:"r?fln Kf ’fg %! out D

= SV z /// s

Glass Rod Mirror

Figure 21. Scrambler Rod

As described in Appendix I, the mirror on the external surface should

be provided by total internal reflection. The total internal reflec-
tion phenomenon produces a 100% reflective mirror while a metal mirror
reflects only 97-98% of the incident light. This 100% reflective mirror
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can be achieved by using a high-index glass rod similar to the core
glass of the fibers and cladding it with a Tower index material. An
all-glass rod with a high-index core and Jow-index cladding can be
used for the scrambler. However, it is difficult to obtain a clad
glass rod with adequate precision of the core diameter. It 1s usually
more expedient to use a low-index Silicone or epoxy resin for the
cladding layer. This makes it possible to grind and polish the glass
rod to close mechanical tolerances and provide a good optical quality
finish on the external surface of the rod. The plastic cladding layer
can also serve as the mounting medium which properly positions the
scrambler rod and anchors it to the coupler housing. Many useful
plastic materials have greater optical attenuation than glass.
However, the length of a scrambler is not more than a few inches and
the resulting loss due to absorption in the cladding layer is neg-
ligible.

In order for the scrambler rod to support all of the rays
coupled into it, there must be an adequate change in index of
refraction at the core/cladding interface. The 1imiting numerical
aperture, NAS, of the acceptance cone of a scrambler is (see Appendix 1)
NA, = (n2 - n§)* (67)
&

where n, is the index of the core, and

n, is the index of the cladding.

Numerical aperture is defined by

NA = n,sine, (68)

where 9, is the angle to the normal of any ray measured in a medium
having an index of n,. When the external medium is air, then 0y 7 i
and NAS specifies the maximum half angle of the acceptarnce cone. Due to
the form of Eq (68) and Snells law,? the value of NA is the same

68




R

inside and outside the scrambler.

NA = n,siné = n,sin, (69) '-

4 In some data bus systems, the NA¢ of the 1ight input to the

’ scrambler will be known and Eq (67) can be used to determine the
minimum index difference in the scrambler. In many cases it will
be adequate to make the NAsfbr the scrambler equal to the NA of the
fiber bundle being used. This will insure that the scrambler will
support any ray that will propagate on the fiber optic bundle.

The length and diameter of the scrambler rod are also impor-
tant parameters in the design and construction of passive couplers.
This is true for both radial and T couplers. The scrambler should
be long enough that light exiting any individual fiber in the input
] bundle spreads out to fill the entire bundle at the exit surface.
" Ideally, the scrambler should be short enough that no meridional
ray reflects from the clad surface more than one time. Figure 22
shows a scrambler for a radial coupler. In this case, the length,
Ls’ is 2 times the physical length of the rod due to the mirror at
the open end of the scrambler. The dashed lines indicate the
mirror image of the radial coupler in the end mirror. For a
T coupler, the physical length of the scrambler rod is the full 1
length, L. The diameter of a scrambler must be equal to the diame- ’
ter of the composite fiber optic bundle used in the data bus. The
. mirror over the flat end of the scrambler should ideally be a-multi-
layer dielectric coating similar to that used on laser mirrors.
Again, the dielectric mirror will produce a higher reflectivity
(n100%) than can be achieved with a metal mirror. Figure 22
shows optical output from two typical fibers -- one at the center J
and one at the edge of the composite bundle. The optimum length |
is seen to be dependent on the NA¢ of the 1ight from the optical
~ fibers. From Figure 22 the length and diameter are related by

Ro—
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Ls = tans,

*

The angle 8, should be selected such that

NA¢ = nzsine2

= : 3
cos, = (1-sin?e,)

coss, = o (nZ - WA2)*
2

sine, NA

cose,  (n - NAé)i (73)

tane2 =

Substituting Eq (73) into Eq (70) gives the desired relationship between
LS and DS in terms of the angular distribution of the 1ight entering the
scrambler

2 L onp2VE
E§_= (nZ - NAZ)
Ds NA
¢
Measurements performed on long (150ft) Galileo fiber optic bundles
show that the equilibrium angular distribution of the Tight at the

exit end of the fiber is described by

NA¢ = .24




For

n, = 1.625 _ (76)
Eq (74) becomes

L = 6.70 DS (Galileo) (77)

If Corning Tow loss fibers are used the typical parameters are

NA, = 0.14
¢
(78)
ns = 146
and Eq (74) becomes
LS = 10.7 DS (Corning) (79)

A comparison of Eqs (77) and (79) shows the effects of NA¢ on
scrambler length. If DS = 0.187in, the T coupler scrambler for
the Galileo fiber has a length of 1.25in whereas LS for the Corn-
ing fiber is 2.0in. For radial couplers these lengths should be
halved.

Equation (74) results from a very simple model of the scram-
bler and for that reason should be considered only as an approximate
expression. In order for Eq (74) to give a useful result, it is
necessary to properly interpret the value of NA¢. Figure 22 implies
that the half angle of the launch cone is associated with the half
power point of the radiation pattern. This is not a valid
assumption for all radiation patterns. A more detailed analvsis
that includes the shape of the radiant intensity distribution at the
exit end of the fiber optic bundle could give the optimum'scramb1er
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length for any given application.

Figure 22 and the preceding discussion represent the scram-
bler as having a circular cross section. A circular scrambler has
many advantages such as ease of fabrication, good mechanical toler-
ance, and ease of alignment. However, the circular scrambler
inherently gives nonuniform power distribution at the exit face
because of skew rays that can not be shown in the axial plane
representation shown in Figure 22. Both skew rays and meridional
rays are shown in Figure 23ﬁa]ong with photographs showing the
uniformity of power distribution over the end of a cylindrical
scrambler rod. The light from the on-axis fiber shown in the upper
part of Figure 23 is uniformly distributed because all rays are
meridional. Off-axis 1ight introduced at the edge of the scrambler
is not uniformly distributed because many of the rays make a small
angle with the clad surface. These small angle rays (skew rays)
describe a helical trajectory made up of many reflections that keep
the ray always close to the outside surface of the scrambler. Some
of the off-axis 1ight is spread over the end of the scrambler; however,
most of it stays near the edge. Thus, a scrambler with circular
cross section tends to give nonuniform power distribution with the
highest power density at the edge of the scrambler and the lowest
power density in the center. Even with the noted deficiencies in
the model, Eq (74) gives a good approximation for the best scrambler
length.

In a radial coupler, uniform power distribution can be achieved
by uniformly distributing the fibers from the various radial arms over
the entire area of the composite bundle. Another approach uses a
hollow glass tube for the scrambler® so that all fibers are near the
edge of the scrambler. In a T coupler, the use of the split-rod
construction shown in Section III.D insures a representative sampling
of all signals on the data bus.
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A very simple structure which gives uniform power distribution
s the rectangular scrambler shown in Figure 24. The four orthogonal
faces of the rectangular rod act as plarne mirrors very much 1ike a
child's kaleidoscope. Each point on the exit end of the scrambler
sees the input fiber and 8 virtual images (reflections) for all posi-
tions of the input fiber. Figure 24 shows a centrally located input
fiber and its reflections on the left and an off-center input fiber
and its reflections on the right. Light from each input fiber is
distributed uniformly over the exit face of the scrambler.

Equation (74) gives a good length for a rectangular scrambler
rod 1f Ds s interpreted as the diagonal of the rectangular cross
section; again, NA¢ must be properly interpreted to achieve the best
result.

There are various types of fiber optic bundles that are com-
mercially available or will be available before the end of 1975.
The high NA fiber is made by Galileo (NA = 0.66), American Optical
(NA = 0.66), Rank (NA = 0.58), and Pilkington (NA = .5). These pro-
ducts have lead glass core and borosilicate glass cladding. Because
of the glass composition these fibers are not suitable for use in a
nuclear environment; the lead glass core develops color centers at
low dose levels. A dose of 52.6 Rad ®°Co-Gamma adds 0.1dB/m attenua-
tion ®. Also, the boron in the cladding glass has a high cross section
for thermal neutrons. The Galielo fiber is low cost and readily
available; the attenuation 1s 590dB/km and the core/fiber diameter
ratio 1s 19/21. American Optical fiber bundles have 400dB/km
attenuation and core/fiber diameter ratio of 17/19. Rank fiber
optic bundles have 400-420dB/km attenuation and core/fiber diameter
ratio of 9/10; this product 1s available from stock in England. The
Pilkington fiber 1s moderately priced and is also available from stock
in England; the attenuation 1s less than 100dB/km and the core/fiber
diameter ratio 1s 17/20. The characteristics of the fiber optic
bundles discussed here are shown in Table VI.
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Fiber optic bundles with pure fused silica (SiOz) core and
plastic cladding are under development 1in several laboratories in
the United States. Valtec has announced prototype fiber bundles and
ITT 1s working with single fibers. These fibers are expected to have
NA = 0.3-0.4, core/fiber diameter ratios between 4/5 and 20/23, and
attenuation less than 100dB/km. Since the 510, core contains no
doping impurities and the cladding layer is plastic these fibers are
expected to have excellent characteristics in a nuclear radiation
environment. The maximum operating temperature for the plastic
clad-fused silica fibers will be greater than 125°C. The limited
data available suggests that these plastic clad-fused silica fiber
bundles will be the dominant type of fiber optic bundle used in
optoelectronic data transmission and data bus applications for
lengths up to 300ft. Low-loss fiber optic bundles are sold by
Corning Glass. These fibers have a doped $10, core and pure Si0,
cladding. The characteristics in a nuclear environment are better
than the lead glass fibers but not as good as the expected per-
formance of the plastic clad fused silica fibers mentioned above.
The Corning fibers have a core/fiber diameter ratio of 3/5, NA = 0.14,
and attenuation of less than 30dB/km; this fiber bundle is readily
available but the cost is high. Bell Northern Research of Ottawa
Canada and a number of other companies are developing low-loss,
graded index single fibers for long distance optical transmission
(>1.0km); because of the intended application, these graded index
fibers are usually not available in bundles. It is expected that
in the future bundles of 19 or more graded index fibers will find
application in high-speed data buses (>100Mbit/s). The character-
istics of the Bell Northern fibers are shown in Table VI.

The key parameters of the fiber optic bundle which have the
greatest impact on the design of passive couplers are the NA¢ and
bundle diameter. The effect of these two parameters on the required
length of the scrambler rod is shown in Eqs (77) and (79). In order
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for a scrambler rod to give the same performance whether the 1ight
reaching it has traversed a long fiber bundle or a short fiber bundle,

the NA¢ must be the same in all parts of the data bus.

Scattering and mode mixing in a fiber optic bundle changes the
exit end radiation pattern (NA¢) as a function of length. In particu-
lar, the exit end radiation pattern for long fibers approaches an
equilibrium shape that is independent of launch conditions. The
length required to reach this equilibrium value of NA¢ is dependent
on the strength of the scattering in the particular fiber optic
bundle. Due to the large amount of scattering in the Galileo fiber,
the equilibrium value of NA¢ = 0.24 1s reached in about 150ft®.
Therefore, the use of Galileo fiber in a 100ft data bus requires
that the scrambler rods and LEDs both have radiation patterns charac-

terized by NA¢ = 0.24.

The Pilkington fiber and plastic clad-fused silica fiber both

have attenuation of less than 100dB/km and most of the attenuation
at 900nm wavelength is due to absorption in the core glass. Thus,
these fiber types have very weak scattering; and at a length of 100ft
are expected to preserve the NA¢ of the LED at the exit end of the

! fiber. The scrambler rods to be used with these two types of fiber
optic bundle should be designed for the NA¢ of the LED. The LED
planned for use on this program is the SPX 1775 edge emitter developed
for the Naval Avionics Facility at Indianapolis under contract

N00163-73-C-0544, The numeric aperture of the SPX 1775 is NA¢ = 0.21.

The Corning fiber also has very weak scattering; at 100ft length,
it is expected to preserve the launch angles at the exit end of the
fiber. In this case, the fiber bundle has a lower value of NA than
any available LED. Therefore, a data bus built with Corning low-loss
fiber optic bundles will require scrambler rods designed for
NA¢ = 0.14 regardless of what LED is used.
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The fiber optic bundle diameter selected for the LED/fiber
optic interface (and the detector/fiber optic interface) also has
an important effect on the design of passive couplers. For an
in-line data bus Eq (47) gives the expression for the area of the
scrambler rod in terms of the area of the LED and detector ports
and number of stations; Eq (51) is the comparable expression for the
radial coupler. For an 8-station in-line data bus Eq (47) gives a
scrambler rod area that is 7 times the scrambler area attributed to
the LED and detector or 7 times the area of the detector port
alone. This corresponds to a scrambler diameter that is \f77= 2.65
times the fiber bundle diameter at the detector port. From Eq (51)
an 8 station radial coupler requires a scrambler rod diameter that
is 4 times the fiber bundle diameter at the detector/fiber optic
interface. Thus, for 46mil Galileo fiber optic bundles at the LED
and detector interfaces, the scrambler rod diameter, Ds’ is 122mil
for a T coupler and 184mil1 for a radial coupler. If Corning low-loss
fiber optic bundles are used, the 19 fiber bundle has a diameter of
25mil; therefore, DS is 66mil for a T coupler and 100mi1 for a radial
coupler. The Pilkington fiber optic bundles are supplied with fiber
diameters of 85um and 65um. The 85um fibers are available in a 30mil
diameter bundle which gives a DS value of 79mil1 for a T coupler and
120mi1 for a radial coupler. The 65um Pilkington fibers are avail-
able in 22.8mi1 diameter bundles which give a DS value of 60mil1 for
a T coupler and 91mil1 for a radial coupler. The plastic clad-fused
silica fibers will probably be supplied in the form of 19 fiber 25mil
diameter bundles similar to the Corning low-loss fiber discussed
above. In a radial coupler built with a rectangular scrambler rod,
the cross sectional area of the rectangular scrambler rod is the
same as the corresponding cylindrical scrambler rod. For equal cross
sectional areas the diagonal of the rectangular rod (Figure 24) is
1.25 times the diameter of the corresponding cylindrical rod. From
Eq (74) rectangular rods are required to be 25% longer than the
corresponding cylindrical rods.
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The dimensions of these coupler designs are summarized in
Table VII; NA and bundle diameter are the two most important par-
ameters of fiber optic bundles that affect the design of passive
optical couplers. A different coupler design is required for each
type of fiber optic bundle. A significant Toss in performance
; can be expected if a coupler is used with a fiber bundle type other
' than the one for which it was designed.

o) GENERAL CONSIDERATIONS

The passive couplers constructed during the phase of the con-
tract effort covered by this report have all been based on the use
| of Galileo fiber optic bundles. Working with a single type of fiber
l optic bundle simplified the logistics of the development effort and
made it possible to put maximum emphasis on the development of con-
‘ struction techniques and mathematical models and their verification
i through evaluation and testing. Even though Galileo fiber was the
only type used, the construction techniques and mathematical models
are general and are applicable to all types of fiber optic bundles.
- The data bus performance will, of course, vary depend1n§ on the char-
b acteristics of the type of fiber optic bundle used in the system.
' | This section will summarize some of the general coupler system char-
| acteristics associated with different types of fiber optic bundles.

g, | 1. Radiation Resistance/EMI/EMP

! Passive optical couplers will typically use scrambler rods

i made from the same type of glass as the core glass of the fiber optic

L bundles used in the system. Flexible side arms in the couplers will

| employ the same type fiber optic bundle as is used in the system.

{. With the construction technique developed on this contract, the pas-

I sive couplers use unclad solid glass scrambler rods that are surrounded
and held in place by a low-index Silicone or epoxy resin which also

acts as a cladding layer. Based on this approach, the nuclear radiation
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resistance of the passive coupler is expected to be equal to or
better than an equivalent length of the corresponding fiber optic
bundle. With the lead glass/borosilicate glass fibers (Galileo,
Rank, American Optical and Pilkington) the plastic cladding used
in the coupler will give superior performance to the borosilicate
glass used in the fiber optic bundles. This same situation applies
to couplers made for Corning low-loss fiber. With the plastic
clad-fused silica fibers, the couplers and fiber optic bundles
should have equivalent radiation resistance. Since these fibers
and couplers use undoped 5i0,, they are expected to give the best
radiation resistance of any of the approaches considered. All-
plastic fiber -bundles and couplers based on DuPont's Crofon fibers
will provide even better nuclear radiation resistance tnan the
plastic clad-fused silica fibers. This approach has not been con-
sidered because plastic fiber optic bundles require LEDs with a
wavelength of less than 700nm and high-performance LEDs in this
wavelength range are not available. Basic material limitations
seem to indicate that a suitable plastic-fiber LED will not be
achieved.

4

The passive parts of an optoelectronic data bus (the
coupler and fiber optic bundles) consist of glass and plastic in-
sulators that are immune to electromagnetic interference (EMI)
such as ground Toops, cross talk, and radio frequency interference
(RF1). The term electromagnetic pulse (EMP) covers a wide range of
electromagnetic phenomena associated with nuclear blasts; the passive
parts of the optoelectronic data bus will withstand all levels of
EMP that are not mechanically or thermally damaging to the aircraft.

2.  Thermal

In the ail-glass fiber systems, the fibers themselves
are not damaged by temperatures of several hundred centigrade degrees

(°C); the Corning fibers being almost pure SiJ, will withstand the




highest temperature. However, the jacketing material used by most
fiber bundle manufacturers is polyvinyl chloride or PVC which
carries a recommended temperature range of 0-80°C. Other jacketing
materials are available on special order. The two most promising
materials are Teflon and Kynar. Both of these materials cover the
full MIL-E-5400P Class 4 temperature range from -54°C to +125°C.

The plastic clad fused silica fibers are Timited by the
maximum temperature of the plastic cladding material. The composi-
tion of the cladding material is proprietary and the same material
is probably not being used by ali of the laboratories engaged in
the development of this type of fiber. However, the operating
temperature range of the plastic clad-fused silica fiber is expected
to be -54°C to +125°C or greater. Again, an appropriate Jacket
material such as Teflon or Kynar is required to achieve this tempera-
ture range with fiber optic bundles.

The DuPont Crofon fiber has a core made of polymethyl
methacrylate which is also known by the trade names deite and
Plexiglass. This common plastic has a heat distortion temperature
of 100°C; however, DuPont recommends that the intermittent maximum

temperature not exceed 95°C and that the continuous maximum tempera-

ture not exceed 80°C. The recommended minimum temperature for
Crofon is -40°C. Crofon fiber optic bundles are not recommended
for military data bus use and are oniy mentioned here because of
their radiation resistance.

Fiber optic terminations usually employ a precision
piece part called a ferrule and a suitable cement to bond the fiber
optic bundle and jacket to the ferrule. Acceptable optical trans-
mission for the termination requires that the end of the fiber optic
bundle be perpendicular to the axis of the ferrule and polished with
an optical quality finish. Thus, the ferrule material and cement




must both be compatible with the optical polishing procedure.

The fiber optic terminations made at Spectronics, Inc. have typically
employed brass ferrules and epoxy resins with heat distortion tempera-
tures of 150°C. These materials are compatible with the optical
polishing techniques used at Spectronics and operate over the -55°C
to +125°C temperature range. The Silicone elastomers such as

Sylgard 182 and 184 have excellent high-temperature characteristics
but are not used in terminatipns because they can not be polished.
Cyanoacrylate adhesives, such as Rapid-Set, cure to form a clear
transparent solid, and are recommended for use at temperatures above
125°C. A rigid curing Silicone resin has also been identified which
has excellent high temperature characteristics. Both of these
materials show promise as suitable cements for -54°C to +125°C
terminations. No work has been done on this program on insulating
ferrules. However, several dimensionally stable filled plastic
materials are available that are compatible with optical polishing
techniques and operate over the required temperature range -54°C to
+125°C. Insulating plastic ferrules can be made by molding and/or
machining.

Some of the passive optical couplers constructed on this
program and described in Section III.D were mounted in clear Plexi-
glass housings to display their internal geometry and the construction
techniques used in their manufacture. The use of Plexiglass limits
these units to a maximum temperature of 80°C. However, there is no

temperature limit imposed by the construction techniques and proper
selection of materials should result in a coupler that will operate
over the temperature range -54°C to +125°C. Acceptable housing

materials are brass, aluminum and high-temperature filled plastics.

The passive optical couplers built and evaluated on this

program were all designed for compatibility with lead glass fiber
optic bundles (Galileo) and therefore used lead glass scrambler rods.
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The high index of refraction (n = 1.62) of these scrambler rods makes
it possible to use high-temperature epoxies having index of refraction
values in the range n = 1.52 to n = 1.56 as both cladding and cement.
Thus, the required -54°C to +125°C temperature range can be achieved
in couplers designed for lead-glass fibers.

In order to equal the radiation resistance of the plastic
clad-fused silica fibers, a passive coupler must use scrambler rods

made from fused silica. The low index of refraction of fused silica

(n = 1.45) severely limits the number of cements that can be used in
coupler construction. The best candidates are the Silicone elastcomers
Syigard 182 and 184 with n = 1.43; from Eq (67) these materials on
fused silica give a numeric aperture of NAS = 0.24. This value of

NAS is marginally adequate for use with the SPX 1775 LED which has a
radiation pattern characterized by NA¢ = 0.21. The preferred approach,
in this case will be to clad the fused silica scrambler rod with the

|
%

i same proprietary plastic used on the fibers. With a plastic ciad
“ scrambier rod there is no index of refraction restriction placed on
the cement used in the construction of the passive coupler.

In summary, all of the glass and plastic clad-fused silica
fiber optic bundles discussed in this section are suitable for opera-
tion over the MIL-E-5400P Class 4 temperature range of -54°C to +125°C
s provided a high-temperature jacketing material is used. Ferrule and

housing materials and cements are available for constructing compatible
‘ terminations and passive optical couplers which will operate over the
i full temperature range.

{ 3.  Mechanical

No investigations of the mechanical strength of fiber optic
bundles have been performed on this program. However, the reported
. data indicate that fiber optic bundles are compatible with the altitude,
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shock, vibration, and acoustic noise specifications set forth in
MIL-E-5400P Class 4.

Passive optical couplers will be constructed such that
all voids are filled with an appropriate epoxy or casting resin.
No critical mechanical or environmental Timitations are anticipated
fo» these parts.

The greatest potential for mechanical damage to the
components of an optoelectronic data bus will occur during installa-
tion in the aircraft. Tensile strength and flexure tolerance data
show that fiber optic bundles are about as rugged as copper wire.

[t is felt that techniques can be developed which will insure
damage free installation of optoelectronic data bus components.

4. Index Matching

Index matching can be used to good advantage in the con-
struction of passive optical couplers to reduce the front surface
reflection loss at the various interfaces. For Galileo fiber optic
bundles and related scrambler rods the theoretical improvement in
the transmission of an interface is 12% as given in Eq (22). In
order for this degree of improvement to be realized, two requirements
must be met

@ the interface in question must be
experiencing the full theoretical
front surface reflection loss without
index matching, and

o the material used for index matching
must have an index of refraction equal
to that of the glass on each side of the
interface.
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It is possible to observe less than full front surface
reflection loss at a glass/air/glass interface when interference effects
between the two surfaces are significant. With visible iight,
interference effects are significant only when the separation
between the two surfaces is very small -- about Tum or less.

However, the narrow band of 900nm 1light from a GaAs LED is rela-
tively more coherent than white visible light and significant
interference effects can occur when the two surfaces are separated

by as much as 30um (1.2mil1). When two flat and parallel glass sur-
faces are separated by an intedra] number of half wavelengths of

the LED light and wiere the maximum separation is less than 30um,

some degree of index matching will occur even though the glass
surfaces are separated by air. When the same surfaces are separated
by an odd number of quarter wavelengths of the LED 1ight, no matching
occurs. In a practical coupler, the surfaces are neither ideally

flat nor parallel. Therefore, any given physical spacing of the inter-
face will include regions that are spaced at all fractions of the LED
wavelength. Some regions will appear to have the full calculated
front surface reflectivity and some regions will have less reflectivity
than the calculated value. Based on this discussion, the reflectivity
values calculated in Section II.B are worst case values that may be
reduced somewhat by interference effects. The presence of interfer-
erence at the glass/glass interfaces in a passive coupler produces
both desirable and undesirable effects. It is desirable that the
interference effects in general tend to reduce the front surface
reflection loss. It is undesirable that this reduction is very
position sensitive and difficult to reproduce.

When the material used for index matching has the same
index of refraction as the glass on each side of the interftace,
then the interface disappears and no reflection or interference
effects are observed. If the index matching material has a different
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index than the glass, then part of the reflection effects remain.
The data presented in Table V provide a measure of the reduction
in front surface reflection provided by different materials.
Equation (25) shows that Sylgard 184 (n = 1.43) on lead glass

(n = 1.62) reduces the front surface reflectivity from 5.67% to
0.41% ~- this is a very significant reduction of 13.8 times even
though the index values are not well matched.

Experimental evaluation of index matching is presented
in Section II1.C. These tests were performed with the unpolymerized
resin of a Silicone or epoxy system used without adding the hardner.
For a fiber bundle/fiber bundle interface using two 65mil diameter
bundles, the observed improvement with index matching was between
9% and 15%. This compares favorably to the theoretical improvement
of 12% presented by Eq (22). Index matching tests were also performed
on the spiit rod T coupler described in Section III.D. These measure-
ments were made using Sylgard 184 resin as the matching fluid in the
scrambler rod/slotted rod interfaces. Transmission improvements were
observed but were typically lower than expected -- performance within
8 % of the expected value were obtained. This discrepancy is believed
to be the result of the interference effects discussed above. These
effects would cause the transmission to be higher than expected with-
out the index matching material and would, therefore, give an improve-
ment less than the expected value.

In addition to reducing front surface reflection losses,

the use of index matching materials also stabilizes coupler pérformance

and fills voids in the optical path that might become contaminated with
dust or other foreign substances. The passive couplers constructed on
this program used a modular approach which allowed independert testing
of subassemblies and removal and replacement of the scrambler rods.

As a result, the index matching tests used only liquids. that are
referred to elsewhere in the report as irdex matching fluids. Passive
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couplers built for use in an avionic data bus will employ a different
fabrication strategy.

In a T coupler the two scrambler rods will be permanently
bonded to the body of the coupler. The bonding cement (probably a
Silicone or cyanoacrylate adhesive) will also serve as an index match-
ing material. In a radial coupler permanent index matching bonds will
be used between the scrambler rod and mirror and between the scrambler
rod and side arms. Index matching is not required between the
scrambler and mirror for optical reasons. However, a permanent bond
should be used to preclude contamination of this important interface.
The plugable interfaces at the LED and detector ports and the input/
output ports can use a clear Silicone grease or the resin of Sylgard
182 or 184 as a matching fluid. Silicone compounds of this type
exhibit very little viscosity change with temperature and should
remain in place after installation. A fluid aiso has the gdvantage
that it can be easily removed and replaced as a means of eliminating
foreign substances from the plugable interface. This can also be a
disadvantage because fluids tend to capture and hold foreign sub-
stances if the interface is opened under adverse environmental condi-
tions.

An alternate approach for index matching in plugable inter-
faces is the use of a cured Silicone elastomer. Both Sylgard 182 and
Sylgard 184 cure to form a clear resiliant gel with a dry non-tacky
surface. A thin layer of cured elastomer bonded to the input/output
port of the coupler would conform to the surface of the fiber optic
bundle and eliminate the air space. It would thus serve as an index
matching material and as a cushion to separate and protect the
polished glass surfaces.
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D. EVALUATION

Both T couplers and radial couplers weﬁe designed, constructed
and evaluated on this program. Two or more couplers of each type
were constructed and representative units supplied to the Avionics
Laboratory as working models. These prototype couplers have been
configured to interface with the 10-Channel Data Bus Demonstrator as
a working demonstration.

In an in-line data bus the T couplers are connected with flex-
jble fiber optic bundles. In a radial data bus flexible fiber optic
bundles are used for the connections between the stations and the
radial couple®. In both systems the optical signal must pass through
several fiber optic terminations. Thus, the transmission of the
terminations is an important parameter in determining system per-
formance. The worst case power ratio expressions for the two systems §
are given in Eqs (48) and (58). In these two expressions the per- |
formance factors representing the passive couplers and fiber optic
terminations are included explicitly as separate terms. This approach
was used in the analysis so that the effects of the various parts of
the system on overall system performance could be illustrated.

A11 of the passive couplers constructed in this R&D phase of
the program have used Gaiileo fiber optic bundles with conventional
epoxy filled terminations and matching lead glass scrambler rods with
length appropriate to NA¢ = 0.24. However, the physical structures
used can be adapted for use with compressed and/or etched terminations
as described in Section II of this report. Other types of fiber optic
bundles can also be used provided the appropriate dimensional changes
are made as outlined in Table VII.

1. T Coupler

Figure 15 shows a T coupler for a uniform duplex data bus.
This figure implies that both the through transmission path and the
side arms are made from fiber optic bundies. This construction
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technique was investigated early in the program. Transmission
through the coupler in either direction encounters a full termina-
tion loss due to the packing fraction of the fiber optic bundle used
in the coupler body. The transmission of these internal terminations
can be maximized by using etcned and compressed termirations and

index matching. However, the use of these techniques increases the
complexity of coupler fabrication and offers no performance advan-
tage over the use of a solid glass rod as the coupler body. Thus,
the construction technique Tor T couplers illustrated in Figure 15
has been abandoned. Fiber optic bundles have continued to be used
in the LED and detector side arms. This is a practical expedient

in that it offers a means of getting light on and off the main bus
while maintaining the NA¢ constant in all paris of the system. As
daiscussed in Appendix I, the fiber optic bundle can bend or a radius
as small as 20 times the cove diameter of an individual fiber without
significartly affecting the NA¢ of the light being transmitted. The
fiber optic bundle termination also offers a convenient plugable inter-

face for the LED and detector. The basic concept of a solid glass rod

coupler body with fiber optic bundle side arms is compatible with

Eq (48). This expression for the worst case power ratio of an in-line

L

data bus shows thal the transmission quality factor me is encountered
& N-2 times whereas the coupling quality factor is encountered only

2 times. Thus, mr has much greater significance than me in deter-
? mining system performance and the greatest emphasis should be placed
on maximizing mq.

A uniform duplex coupler for a 17 station data bus was
selected for evaluation. This particular form of T coupler was
selected because it can be constructed using standard fiber bundle
diameters. Also, a T coupler desiagned for 17 stations could be used
in the 8 station data bus to be constructed on this program to pro-
vide for expansion of the system by adding more stations.
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From Eq (46) the optimum value of CT for a 17 station

coupler is

1

1 1 )
Copt = 2(17-1) ~ 32 (80)

and from Eq (47) the area of the scrambler should be 16 times greater
than the area attributed to the LLED and detector ports. The general
construction of this uniform duplex T coupler is shown in Figure 25.
The proper area ratio is obtained when the interconnecting fiber
optic cables have a nominal 187mil diameter anrd the LED and detector
ports each form a nominal 46mil diameter bundle. Table III shows
that the appropriate scrambler diameter is 180mi1. Light entering
the coupler is transnitted from the fiber optic bundle into the
scrambler and on to the solid rod body and exit scrambler without

a packing fraction loss. Lignht going out of the coupler in either
direction encounters one termination loss when it is transmitted into
tne fiter optic bundle. This termination loss is important in calculat-
ing system performance but is not charged against the T coupler.

The first T coupler desigred and constructed on this
program used a slotted glass rod body shown in Figure 26 and two
180mi1 diameter scrambler rads. Each of the slots will hold one half
of the fibers in a 46mil diameter bundle; each slot has a cross
sectional area that is 1/30 of the area of the full 180mil diameter
rod. Thus, C; is 1/30 in reasonable agreement with Eq (80) and the
Llot area attributed to the LED and detector ports is 1/15 of the
area of the scrambler rod in reasonable agreement with Eq (47).

A versatile set of precision termination hardware was
developad to facilitate the construction of all of the passive
couplers built on this program. A typical set of this hardware is
shown in Figure 27. The fiber optic ferrule has a 180mi1 diameter
bore to form a conventional termination on the fiber optic bundle.
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The scrambler ferrule supports and positions the 180mil diameter
scrambler rod. The body ferrule supports one end of the slotted rod
with flexible fiber optic bundles in the slots for the LED and de-
tector side arms. There is a body ferrule on each end of the slotted
rod; two complete sets of this termination hardware are required to
construct a T coupler. The mechanical tolerances of the cutside
diameter of the ferrules and the inside diameter of the housing are
held to + 0.2mi1. This insures good centering and alignment of the
various optical interfaces. Referring to Eq (21), the termination
hardware of Figure 27 has a probable misalignment at each interface
of about A = 0.7mi1. This gives a fractional lost area of about 0.48%.

Two views of the first slotted rod T coupler are shown in
Figures 28 and 29. The coupler was buiit in a metal box with clear
inserts in the top and bottom to allow observation of the construction
details. The dimensions of this coupler are approximately 6in x 3in x 3in.

Transmission measurements made on this coupler at the Avionics
Laboratory gave

3.3% -14.77dB)

= 0.56% -22.44dB)
61.5% 2.11dB)

62.6%

(

(
=17.1%  (-7.66dB)

(-

(

-2.03dB)

The symbols used here are defined in detail in Section III.A and indi-
cated schematically on Figure 25. The term CT is given by the physical
area ratio of the slotted rod according to Eq (36). The factor m.C;

is the measured power at the detector port divided by the total power
at the input port. The coupling quality factor m., Eq (39), is calcu-
lated from CT and mCCT and recorded here for comparison purposes. The
transmission of the T coupler, TT’ is measured power at the output port
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Figure 28.

Experimental T Coupler
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Figure 29.

T Coupler, Top View
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divided by the total power at the input port. The overall quality
factor, m, is calculated from Eq (43) and recorded here for comparison
purposes. The low value of me is the result of broken fibers in the
LED and detector side arms on this first experimental coupler; no index
matching was used.

A second slotted rod T coupler was constructed and evalua-
ted at Spectronics, Inc. This T coupler used a shorter slotted rod
than the first one. This allowed the total package size to be reduced
to 4.25in x 1.25in x 1.Qin. Transmission measurements on this unit
gave

Cy = 3.3% (-14.77dB)

mcCT = 1.5% (-18.16dB)
me = 45% (-3.39dB) (82)
TT = 68.5% (-1.64dB)

[}

71.5% (-1.46dB)

No index matching was used. The parameters evaluated in Eg (82) are
shown in Figure 25. The value of me for this coupler is considerably
improved over the value shown in Eq (€1). However, the 45% value of
Me shown in Eq (82) is Tower than expected which indicates the pre-
sence of some broken fibers. Figure 30 shows a photograph of the
polished end of the slotted rod used in this coupler.

The expected performance of a slotted rod T coupler can
be calculated using the optical layout shown in Figure 25. The through
transmission has six surfaces with front surface reflection. The front
surface reflection for an air interface can be calculated from Eq (23)
forn =1.0 and n, for the various glass parts. The slotted rod and
scrambler rods have n, = 1.62 which gives

K = .0560 (83)
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The reflection loss at the exit end of the input fiber optic bundle
is included in the system equations as Tc and should not be charged
against the coupler. From the dimeasion of the slots, 1/15 of the

Figure 30. T Coupler Slotted Rod, End View

through transmission is removed for the side arms. The expression
for the through transmission is

—
I

= (1-R)° (14/15)
(1 - .056)° (14/15) ; (84)
0.660 or 66.0% (-1.80dB)

1

The side arm output starts with the Tight falling on each
of the slots which is 1/30 of the total. This value is further re-
duced by two front surface reflections and the packing fraction Toss
of the side arm fiber. Calculation and graphical layout have shown
that the packing density of circular fibers in a rectangular slot is
equal to or better than the packing density of those same fibers into
the circular arrangement shown in Figure 2. The equivalent circular
arrangement will be used for calculating a limiting value of M-

101

PP




rf T e
N
E)

From Figure 2, interpolation for N = 142 gives a diameter ratio of
13.35. The discussion associated with Table II shows that this
diameter ratio should be increased by 2% to obtain the ratio of ihe
equivalent ferrule diameter to the fiber diameter; thus,

D¢
+ - 1362 (85)

and

0
d

J142 = 11.92 (86)

The value of G may be calculated from Eq (14) using the diameter ratios
in Eqs (85) and (86). This calculation gives

11.92 (
G = (]3 62) = 0.766 (87)

The packing fraction, P, for this coupler is

O
i

= G Ry
(0.766)(0.8186) (88)

0.627

where R for the Galileo fiber optic bundles is given by Eq (7). Com-
bining th1s packing fraction with the four front surface reflections

gives

3
]

_ 201 _ 2

(1 RS) (1 Rc) P

(.944}2(.9433)2(.627) (89)
0.497 or 49.7% (-3.03dB)
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Combining Eq (89) with the area ratio gives

(0.495)(1/30)
= 0.0166 or 1.66% (-17.81dB)

The transmission qua11ty factor for the s]otted rod
T coupler can be ca]cu]ated from Eq (37)

_ 0.660
o

30

My

0.707 or 70.7¢% (-1.50dR)
The overall quality factor can be obtained from Eq (43)

m = 0.693 or 69.3% (-1.59dB) (92)

The calculated and measured performance parameters of the
slotted rod T couplers are compared in Table VIII . Coupler No. 2
performance is close to the calculated values on all parameters.

Table VIII. Slotted Rod T Coupler
Perfermance Comparison

Coupler Coupler Caiculated
Parameter No. 1 No. 2 Values
3.3% 3.3% 3.3%
17.1% 45.0% 49.7%
0.57% 1.5% 1.66%
61.5% 68.5% 66.0%
62.6% 71.5% 69.3%
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The greatest deviation is the 10% difference between the measured and

calculated values of Me-

detailed inspection of Figure 30. This photograph shows only 124 fibers

which is 12.7% less than

fihers would not of itself reduce me by 10%; however, the relatively
poor packing density of the remaining 124 fibers and the number of

dead fibers shown in the

in M- A smaller deviation (v3%) is also noted for the measured and
calculated values of TT and m. However, the measured values are higher
than the calculated values. This result demonstrates the presence of

the interference effects

This deviation can be accounted for by a

the assumed count of 142. The loss of 18

photcgraph do adeqautely account for the Toss }

discussed in Section III.C.4.

Due tc the close index of refraction match between the
scrambler rods and Galileo core glass the use of an index matching
fluid will essentially eliminate front surface reflection. Based on

Table V the Dow epoxy is
performance of a slotted
Eq (93).

This calculation assumes
fiber optic bundles.

Measurements

an ideal matching fluid. The calculated
rod coupled with index matching is shown in

3.3% (-14.77dB)
59.1%  (-2.28dB)

1.97% (-17.05dB) (93)
= 93.4% (-0.297dB)

97.3% (-0.117dB)

the use of conventional terminations on the

have been made using Sylgard 184 resin as the

matching fluid in the scrambler rod/slotted rod interfaces. Transmission
measurements within 8% of the expected value have been observed. Failure
to observe the full calculated performance is believed to be the resuit
of multiple reflection and interference effects and small unidentified

e e
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losses. When no index matching is used, these two effects tend to
compensate and measured performance is close to the calculated value.
When the index matching fluid is introduced, only the losses remain
and the expected performance is not achieved. The measurements indi-
cate the presence of -0.337dB of unidentified losses in the slotted
rod T coupler. When no matching fluid is used, the multiple reflec-
tion and interference effects improve the transmission by 0.499dB.
The loss in the slotted rod could be the result of scattering from
the imperfectly polished sides of the slots. Further study is
required to finally resolve this difference between measured and
calculated performance.

An imbrOVed T coupler was designed using a split rod for
the coupler body. The split rod is made of two of the halves shown
in Figure 31. This configuration is more desirable than the slotted
rod because the flat face of the rod can be easily polished whereas
polishing the inside of the slots is more difficult. Also, the split
rod construction spreads out the side arm fibers across a diameter
of the scrambler rod. This gives a more reliable sampling of the
total optical power. One split rod coupler was constructed using
the termination hardware shown in Figure 27. Two different views of
the coupler are shown n Figures 32 and 33. This unit was assembied
in clear plastic to give visibility to the construction details; the
package size is 4.25in x 1.25in x 1.0in. Using the aominal dimensions
shown in Figure .31 to calculate the area ratio, the split rod T coupler
has a coupling factor of

C; = 3.18% (-14.98dB) (94)

The other measured parameters are
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mCq = 2.0% (-16.99dB)

me = 62.9%  (-2.01dB)
(95)

T; = 68.5%2  (-1.64dB)

m=72.5%  (-1.40dB)

The theoretical performance of the split rod T coupler is essentially
the same as the calculated values shown in Table VIII for the slotted
rod T coupler. Comparison of Eq (95) and Table VIII shows that this
crupler meets or exceeds the calculated values of transmission and
quality factors. The small difference in CT values results from the
design dimensions for the two configurations. The major difference
between measured and calculated performance is the coupling quality
factor. The measured value of Me (62.9%) is 27% higher than the
calculated value. Figure 34 shows that the split rod construction
essentially eliminates broken fibers in the side arms. Physical
measurements taken from Figure 34 indicate that the slot is tapered
with an average width of about 10.5mil; this is about 17% higher than
the design width of 9mils taken from Figure 31. However, this does
not explain the high value of me measured for this coupler. Some
possible effects that could contribute to this discrepancy are

™

® measurement accuracy,

e optical interference at the glass/
glass interfaces,

———

e multiple reflections in the coupler
and the test equipment, and

e significant optical transmission in
the cladding glass of the side arm fibers.
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High Power Magnification

T Coupler Split Rod, End View

Figure 34.
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Further study is required to resolve these final differences. The calcu-
lated performance of a split rod T-coupler with index matching is essen-
tially the same as for the slotted rod T-coupler shown in Eq (93). No

index matching measurements were made on this coupler.
2. Radial Coupler

An eight station radial coupler was selected for construction

and evaluation. Two 46mil diameter bundles were used to form each side

arm; this results in a 65mil diameter bundle that is indicated by

v 2 x 46 in Table III. At the station end of the fiber optic cable

(see Figure 16), the fibers are again split into two bundles -- the two

46mil bundles are used to form the LED/fiber optic interface and the

detector/fiber optic interface. When the eight side arms are brought

together a composite bundle with a diameter of about 180mil is formed; |
' this bundle is equivalent to sixteen 46mil diameter bundles and is indi-

cated by /16 x 46 in Table 1II.

e L)

The construction details of the radial coupler are shown in
Figure 35. The coupler termination hardware shown in Figure 27 was used
in the construction of the radial coupler. One set of hardware was used
for the coupler body and eight sets for the fiber/fiber plugable inter-
b faces on the eight side arms. The radial coupler was housed in a metal
case for ease in demonstration and display. Front panel and exposed rear
views of the demonstration coupler are shown in Figures 36 and 37.

Three radial couplers were constructed and evaluated. The
first two used conventional Galileo fiber optic bundles in the side arms;
the third unit used special unclad fibers. The third unit was not success-
ful and will be discussed separately.

The first step in constructing a radial coupler is the forma-
tion of the fiber bundle structure with polished conventional terminations
on the eight 65mi1 diameter bundles and the 180mil diameter composite

11
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36. Radial Coupler, Front View
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Figure 37.

Radial Coupler, Exposed View
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bundle. The transmicsion of the side arms of the fiber bundle struc-
tures for couplers 1 and 2 were measured at the subas¢sembly level
shown in Figure 38. The results of these measurements are presented
in Table IX. The measurements were made with the aid of a special
i1luminator assembly employing a GaAs dome LED and having a 65mil1 dia-
meter aperture. A reference level was established first by detecting
the total illuminator output. Output from the 180mil1 bundle was then
measured with a 65mil1 side arm bundle positioned at the illuminator
aperture. The low transmission in arms 2 and 8 of Coupler No. 1 was
due to broken fibers. A considerable improvement in construction
technique was achieved on Coupler No. 2; this is evidenced by the con-
sistency of the transmission data shown in Table IX.

B

-

:% Side Arm Bundles

i p =l b
s —
L

Figure 38. Side Arm Assembly
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Table IX. Radial Coupler Side Avm
Transmission

Transmission, TS

Coupler Coupler
Arm No. No. 1 No. 2
1 53% 55%
2 487% 52%
3 55% 52%
4 57% 54%
5 50% 52%
6 50% 55%
7 52% 52%
8 40% 54%
Average 51% 53%

As shown in Figure 38, the transmission of the side arm
bundles involves the transmission of the input termination, Tc given
by Eq (18), the attenuation of the side arm bundle, a, and the trans-
missivity of the core/air interface at the exit end, TC = (1 - Rc);

RC is given by Eq (4). Thus, the expected transmission of each one
of the 8 side arm bundles is given by

s a(l - RC)T66 (96)

The length of the 65mil diameter bundles is 8in; at 0.2dB/ft tkis
gives an attenuation of

a=-0.133d8  (0.97) (97)

The calculated value of T66 from Table IV can not be used in Eq (73)
because the fiber optic ferruies made for the radial arm terminations
have an inside diameter of 66mils which is slightly larger than the

Df value used in Table IIl. From Table III the value of D for two
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46mil1 diameter bundles is 58.8mil. Using this value with the actual
ferrule diameter, D = 66mil, in Eq (14) gives

) (gif (58 8)
D, 66

G 0.794

66

(98)

The transmission of the 66mil termination, TGG can be calculated from
(18) using the value of G ; from Eq (98) with the value of Ra from
(7) and the value of R, from Eq (4)

T s RC)ngRa

66

(.9433)(.794)(.8186)
.613 or 61.3%

Using Eq (97) and (99) with the value of R, from Eq (4) gives a cal-
culated value of T, from Eq (96)

. = (0.97)(0.9433)(0.613)
(100)
= 0.56 or 56%

This calculated value is only 5% greater than the average transmission
of Coupler No. 2 shown in Table IX.

The couplers were next assembled without matching fluid
using a 180mil diameter scrambler rod and a dielectric mirror. A
multilayer dielectric mirror was selected because it gives a higher
reflectivity, Rm = 0.996 than a metal mirror such as aluminum or gold,

17
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Rm = 0.98. Another important property of the dielectric mirror is
that it is transparent to visible 1ight. This allows the inside of
the radial coupler body to be observed after the unit is fully assem-
bled. However, it also limits the useful wavelength of the coupler.
The mirrors used in these couplers are optimized for a wavelength of
907nm. From Eq ( 51 ) the coupling factor of the two vadial couplers

is

Cy = 5 = 0.125 (101)

The value of T, was measured by successively coupling
light into each of the polished side arm terminations and individually
reading all of the light output at the other seven polished termina-
tions. This measurement is schematically indicated in Figure 39.
Table X shows representative values of T, for Coupler No. 1; Table XI
shows similar data for Coupler No. 2. Ir each case, the data shown
includes the highest average transmission, lowest average transmission,
highest individual transmission and lowest individual transmission;
the indicated limiting values are underlined. The average of all
transmission measurements for Coupler No. 1 is 0.020 (3%); for Coupier

~

No. 2 the overall average is 0.034 (3.4%)

C a Side Arm

i1 :
= a& R
Po - [ e m
2
) Te S — ‘ Dielectric
-— Mirror
C a

. - - \\_
o ITC a CxR1G g0 Scrambler

Og

Figure 39. HMeasurement of T,
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Table X.

Ta

Measured T, For

Radial Coupler No. 1

Arms

2-1
2-3
2-4
2-5
2-6
2-7
2-8
Avg.

Tx

.015
.015
018
.040
.010
.074
.031
.029

Overall Average T,

XI.

Measured T, For

Avg .
.030

Radial Coupler No. 2

Arms

4-1
4-2
4-3
4-5
4-6
4-7
4-8
Avg.

Th

.038
.023
.034

.058

.048
0.24
.034

I8V

Arms T*p

6-1
6-2
6-3
6-4
6-5
6-7
6-8
Avg.

Overall Average T, = .034

The expected value of T, can be calculated by referring
to Figure 39. Input power incident on port No. 1 first encounters
the termination transmission T66 given by Eq (99). As the light
transits side arm No. 1 it is attenuated by the factor a given by

Eq (97). At the scrambler end of side arm No. 1 the Tight is atten-
uated by 7. = (1 - RS) as it leaves the fiber optic bundle. It is
then attenuated by T, = (1 - RS); see Eq (83), as it enters the
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scrambler. After entering the scrambler, the light is reflected
from the dielectric mirror with a reflectivity Rm = .996. As the
1ight exits the scrambler it is coupled into a 180mil diameter
termination which has a transmission of stoRa where G, and Ra
are given by the bottom line in Table IV. The fiber bundle splits
into the 8 side arms so that the light in any one side arm is
determined by C, given in Eq (101). As the light transits any
exit side arm it is again attenuated by the factor a given by

Eq (97). At the exit end of the exit side arm, the light is
attenuated by the core/air transmissivity Tc = (1 - Rc). When all
of these factors are combined, the resulting expression for T, is

Te = C*RmaszTSTssGwoRa (102)

In the development of Eq (102), front surface reflection
losses were counted at the input to the scrambler but not counted at
the dielectric mirror or the exit face of the scrambler. Reflections
at the input to the scrambler cause the light to be reflected back to
the LED and lost; these reflections must be counted. Reflections at
the scrambler surface in front of the dielectric mirror do not cause
a loss as shown in Figure 40. Considering only the first order re-
flections for simplicity, Figure 40 shows that the front surface
reflection, RS, only reflects a portion of the light that would have
been reflected by the mirror anyway. If all multiple reflections are
considered the total reflectivity, RT, of this interface is given by

(1-R_)?R
s’ ™m
R. = R_+ s (103)
T S 1 - RSRm
For 23 = .056 and Rm = 0.996 the value of RT is
Ry = .99600095 (104)

T
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Figure 40. Front Surface Reilection at Mirror

which is essentially equal to Rm.

The nature of front surface reflections at the exit sur-
face of the scrambler can be understood from Figure 41. A portion
of every exit ray is refiected as shown by the arrow labeled
RR,P.. However, each one of these reflected rays is acted on by
the scrambler and returned to some other point on the exit surface
on the second reflection. Since the scramhler is essentially loss-
less, all of the light coupled into the scrambler must come out Some-
where on the exit face. In general, each of the side arm fibers
receives just enough second second reflection light from the other
7 side arms to make up for its one reflection loss at the exit sur-
face. Thus, reflection at the exit surface of the scrambler or the
scrambler end of the sidg arm bundles should not be counted as an
optical loss.

R DR PR

Equation (102) is a correct and general expression for cal-

st

culating a theoretical value of T,. However, it is not in a
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Figure 41. Front Surface Reflection at Scrambler Exit

convenient form to use the measured values of TS recorded in :
Table IX to calculate the expected value of T,. Referring to the )

% expression for T given in Eq (96) and Figure 38, the terms in
: Eq {102) can be rearranged as

—
*
I

; 2
CuR,,(aT _Tes) =

b . (1‘R5)GleoRa
ms Tee




From Eq (18)

TIBO

Sio0fa = TTR)

Substituting Eq (106) into Eq (105) gives

8 A (1-R )T,
L I (B )
given by Eq (99),

given on the bottom line of Table IV,

given by Eq (83),
given by Eq.(4),
2= Ty
4%
given by Eq;(101), and

.996,

the average value in Table IX.

Notice that the factor (I-Rc) in the denominator of Eq (107) also is
present implicitly in T,4, in the numerator; similarly the term Tg¢
in the denominator is also present implicitly in one of the T5 factors

of the numerator.

No scattering loss or absorption loss in the scrambler has
been included in the development of Eqs (102) and (107). This approach
has been used so that values of T, caiculated from Eqs (102) and (107)
will represent the maximum achievable performance. On this basis,
scattering and absorption losses in the scrambler are included with
broken fibers and other undesirable losses as effects which must be
eliminated to achieve the highest coupler performance. The deviation




of experimental performance from values calculated with Eqgs (102) and
(107) provides a measure of the undesirable losses.

From Eq (107), the expected value of T, for coupler No. 1

T, = .035 (-14.56dB) (No. 1) (108)

and for coupler No. 2 the expected value is

T, = .03 (-14.34dB)  (No. 2) (109)

If the calculated value of T, in Eg (100) is used in Eq (107) the result
is the theoretical or ideal value of T, for the configuration '

Ty = .042 (-13.77dB) (Ideal) (110)

From Table X the average value of T, for coupler No. 1 is 14% less
than the expected value shown in Eq (108) and 29% less than the ideal
value shown in Eq (110). From Table XI the average T, for coupler
No. 2 is 8.1% less than the expected value in Eq (109) and 19% less
than the ideal value shown in Eq (110).

The values of m, can be calculated using Eqs (53) and (101)

my = .240 (-6.20dB) (No. 1) (111)
my = .272 (-5.65dB) (No. 2) (112)

my = .336 (-4.74dB) (Ideal) (113)

The performance of the two radial couplers and the ideal performance
for the radial configuration employed in this effort are summarized in
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Table XII. The quality factor of coupler No. 2 is within less than
1dB of ideal performance.

Table XII. Radial Coupler Performance Summary

Coupler Cy Te m,
dB dB dB
No. 1 .125 -9.03 .030 -15.23 .240 -6.20
No. 2 .125 -9.03 .034 -14.69 .272 -5.65
Ideal .125 -9.03 .042 -13.77 .336  -4.74

Another :ery important cha;acteristic of the radial coupler
is the dynamic range of the output signals. The ideal performance of a
radial coupler calls for input light to be uniformly distributed to all
of the radial arms. If this condition is achieved, then dynamic range
probiems can be eliminated by fixing the attenuation of the fiber optic
cables at a constant value independent of cable length. In this case,
each station would receive the same signal ragardless of which station

was transmitting.

Inspection of Tables X and XI show that the input light
is not uniformly distributed. Furthermore, the coupling between arms
is not symmetrical in every case; arm 1 couples more light to arm 2
than arm 2 couples to arm 1. The dynamic range of coupler No. 1 is
defined by the minimum and maximum values of T, -- arms 2-6 and 2-7

respectively.

Dpx = o100 - 7-*

(No. 1) (114)

7.4 (8.69dB)
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For coupler No. 2 the uniformity is much better; the limiting arms
are 2-5 and 4-5.

- =058 J
R* ~ 7020 '

(No. 2) (115)

2.9 (4.62dB)

This observed nonuniformity of power distribution is the result of

the cylindrical shape of the scrambler. A cylindrical scrambler is

jdeal for distributing 1ight introduced in a small aperture on the

axis of the cylinder. However, light introduced near the edge of the

cylinder results in a large fraction of the power in the skew rays

that undergo a large number of small angle reflections and remain near i
the edge of the scrambler. This tends to develop a characteristic j
nonuniform 1ight distribution which shows weak coupling to the on- i
axis fibers when light is introduced at the edge of the scrambler

but uniform coupling to all fibers when light in introduced on axis.

This subject is discussed in Section III.B and the effect is illustra-

ted in Figure 23.

The dynamic range of coupler No. 2 is adequate for most
systems applications. Since this is an experimental ratio, contiiwued
small improvements may be expected as the construction techniques
improve. However, a dramatic reduction in DR* requires a basic change
in the physical configuration of the radial coupler. For example,
uniform coupling could be achieved by mixing up the fibers from the
radial arms so that fibers from each arm are scattered over the ertire
composite bundle. Another configuration which has been proposed® uses
a hollow tube for the scrambier. This approach completely ramoves
the center of the scrambler and puts all of the light near the edge
of the scrambler. The approach proposed by Spectronics as a result
of this coupler development effort is based on the use of a scrambler
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with square cross section and solid, rectangular cross section side
arms. Figure 42 shows the construction of this improved radial
coupler.

One of the principal advantages of this configuration is
the elimination of the skew ray problem. In a rectangular scrambler,
each of the flat sides acts as a plane mirror. Therefore, at the
input/output face of the scrambler each arm sees multiple mirror
images of every other arm as shown in Figure 24. This leads to more
uniform power distribution and a smaller total number of reflections
at the scrambier surfaces. Another advantage of the rectangular con-
figuration is the elimination of packing fraction loss at the inter-
face between the side arms and the scrambler; this interface is now
ideal for use of an index matching material to eliminate refleztion.

g The solid glass side arms also give a dramatic improvement in the
” transmi¢sion of the plugable interf.ces as compared to a fiber bundle/

¥

é’ fiber bundle interface.

% As shown in Figure 42, the interconnecting f<ber optic

g bundles between the radial coupler and the stations must interface i
- with the 2/1 rectangular shape of the solid side arm. While the in-

: dividual fibers are round, the total bundie of fibers can be formed

A into cny convenient shape such as square, rectangular, or hexagonal.

5 A1l that is required is to be able to form the hele in the ferrule in

% the desired shape with close mechanical tolerances. Figures 30 and

E 34 are photographs of rectangular arrays of fibers used in the

T couplers built on this contract. Figure 43 chows a simple numerical
example of 43 fibers with diameter d fitted into a 2/1 rectangle of
4.5d x 9.1d. The area of all of the fibers in Figure 43 is

Area of Fibers = (43)(T) (d)? = 33d? (116)
4

and the area of the rectangular ferrule is

Area of Ferruie = (4.5d)(9d) = 40.5d2 (117)
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Figure 43. Rectangular Ferrule

Equations (116) and (117) can be used to calculate the geometrical

area coverage of the fibers, Gg » given by

.

6o 815

Figure 2 gives

and Eq (3) gives

D = @é d = 6.56d (120)

G,

From Eq (14) the area coverage of the fibers in a circular ferrule,

is given by
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G = .743 i

and (121) shows that in this case the area

Comparison of Egs (318)
s better than for the circular

coverage of the rectangular ferrule i

Other specific numerical examples for larger numbers of

ferrule.
s equal

fiters have shown that the rectangular area coverage is alway
to or better than the circular area coverage. When real fiber optic
bundles are used which have some variation in fiber diameter the
fibers do not stack uniformly and the two configurations are about

equivalent, see Figure 34. Based on this reasoning, Figure 2 can

be used to obtain worst case values of G for either rectangular or

circular geometry.

When rectangular terminations are used, the optical con-
nector must be keyed to increase proper alignment between the two
rectangular shapes at ~he optical interface.

The transmission of the rectangular radial coupler can

be calculatec by referring to Figure 44. The relatively large dimen-

cions of the rectangular rods used in the side arms makes it impracti-
cal to bend these rods to separate their ends. The glass could be
heated and bent; however, the bend radius would have to be at least

Scrambler "

¢

p p p
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Ts ] Ts | Ts ‘ Ts

i
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Figure 44. Calculation of Tou
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2 20 times the large dimension of the rectangle to preserve the NA¢
e o of the light traversing the side arm. see Appendix I. Figures 42 and
SN 44 show the side arms folded through 90° by use of a 45° diagonal

mirror. This construction technique keeps the coupler compact,
separates the input/output ports and preserves NA¢. The mirror ;‘
can be either a dielectric mirror or a metal reflecting surface.

The dielectric mirror will provide the highest reflectivity. For

purposes of analysis, Figure 44 uses the symbol le for the diagonal

mirrors and Rmz for the mirror on the scrambler. The side arm/

scrambler interfaces and side arm/side arm interfaces are all coupled

with an index matching material.

Referring to Figure 44, iﬁﬁﬂt power incident on port No. 1,
Pi,’ first encounters the transmissivity of the side arm rod

? T = (1-R) (122) ;
% where P is given by Eq (83). As the light transits side arm No. 1 it

] is reflected by the diagonal mirror reflectivity, Rm,' The index

5 matching material at the side arm/scrambler interface eliminates the

. reflection and the light moves from the side arm into the scrambler.

4 The light is reflected by the dielectric mirror reflectivity, Rmz’

j and spread uniformly over the exit survace of the scrambier rod. The

8 side arms cover the exit face of the scramhler with a packing frac-
tion of 1.0; therefore, there is no termination loss at this interface.
The 1ight in any one of the exit side arms is determined by Cq,

is defined in Eq (51). As the light transits any exit side arm it will
again be reflected by the diagonal mirror with a reflectivity of le.
At the exit end of any exit side arm, the light is at*tenuated by the
transmissivity, TS, given by Eq (122). When all of these factors are
combined the resulting expression for Tg, is’

= T2R 2
Tox = TeRp Ry Cow (123)

131




If Galileo fiber optic bundles are used the index of refraction of the
scrambler and side arms will be n = 1.62. Then TS can be determined
from Eqs (122) and (83)

LA (1 - .056) = 0.944 (124)

Using aluminum for the diagonal mirrors gives

R, =0.98 (125)
1

and the reflectivity of the dielectric mirror on the scrambler will be

R = 0.996 (126)
ms

For an 8 station data bus, Eq (51) gives the value of Cgx

Cox = -125 (-9.03dB) (127)

Substituting Eqs (124)-(127) into Ea /123) gives the ideal value
vof Ty - W

¥

-

Tox = (.944)2(.98)7(.996)(.125)
(128)
Tox = -106  (-9.7dB)

The corresponding ideal value of quality factor can be calculated using
Eqs (127) and {128) witn Eq (53); this gives

Mo = (8)(.106)

mo, = 0.848  (-.72dB) (129)
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Comparing Eqs (128) and (129) to the ideal values for the cylindrical
radial coupler in Table XII shows that the rectangular construction
offers about a 4dB improvement in transmission over the fiber bundle
construction. The system performance will improve more than 4dB with
the rectangular construction because of lower Tosses at the plugable
interfaces.

Equation (123) was developed using an ideal model so that
the calculated value of Tg, would represent the maximum achievable
performance. If additional 7osses not included in the model occur in
the physical coupler then the transmission and quality factor will be
lower than the calculated values. The most likely sources of excess
loss are:

scattering and absorption iossegwin the solid

side arms and square scrambler rod,

front surface reflections due to imperfect index
matching, and

losses due to misalignment of the glass parts.

The model for the rectangular radial coupler is not suffi-
ciently accurate to predict the variation in coupling between the
various arms. However, it is felt that the rectangular configuration
will reduce the spread in T, to 2/1 or less; thus, the dynamic range
for this coupler is expected to be less than 3dBR. The rectangular
radial coupler has not been constructed; however, piece parts have
been ordered and at least one of these couplers will be built on this
contract.

The third radial coupler constructed and evaluated used
tnclad fiber bundles in the radial arms. The unclad 46mil bundle was
purchased from Galileo Electro-Optics; the fibers were made entirely
from the high-index core glass. In agreement with the discussion in
Section II.E., these fibers are very fragile. This 1oss in strenath

133




1
1
|

G, deakReiet

is felt to be the result of the absence of the surface compression
present at the normal core/cladding interface. These unclad fibers
exhibit mechanical properties that are similar to the etched fibers
discussed in Section II.D. In addition to poor strength, the unclad
fibers also show a much higher attenuation than was expected. The
observation of optical coupling in the cladding glass discussed in
Section I1.B offered hope that the unclad fibers could be used success-
fully in short lengths such as side arms on couplerc. In a conventional
termination, the epoxy should serve as a cladding layer; air should
serve as a cladding layer in the region between the termiantions.
Measured values of T, on the unclad radial coupler were about 10dB lower

than for couplier No. 2.

The original plan for the unclad bundle also included the
construction of a compressed termination. However, as a result of the
poor mechanical strength and high attenuatior encountered in the radial
coupler, no further work was dore with the unclad fiber optic bundie.

B e S

3. T/Radial Comparison

The performance comparison for the in-line and radial data
buses based on the measured performance of the couplers reaches the
same general conclusions as the calculated comparison in Section ITI.A.3.
The use of measured coupler performance makes it possible to predict the
results expected from a practical system.

Recent component development has resulted in improved LEDs .
and detectors for data bus applications. The SPX 1775 LED is a her-
meticaliy sealed edge emitter designed for direct coupling to a
46mil1 diameter fiber optic bundle. This GaAs LED is capable of operat-
ing at 100mA bias and delivering a total output power of 2.0mW; of this
total power, 1.5mW is effective in coupling to the NA and aperture of
a 46mil diameter Galileo fiber optic bundle. From Eq (41) the value
of m for the SPX 1775 LED is
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The SPX 1777 is a hermetically sealed silicon planar photodiode that
is also designed to interface directly with a 46mil diameter Galileo
fiber optic hundle. This silicon detector provides a nominal re-
sponsivity of 0.5A/W including all interface losses; the 10-90% rise
time is about Ins. Work on the receiver and sync detection circuitry
has resulted in a preliminary receiver design which requires a peak-
to-peak signal power at the SpX 1777 detector of 0.15uW to achieve a
bit error rate of 107% at a data rate of 10Mbit/s. The LED outnut
power and required detector power give a maximum allowable attenuation
of 41.25dB in the data bus.

For a data bus length of 100ft with 8 stations and fiber
optic bundie with attenuation of 0.5dB/m, the value of a, from
Eq (164) is

X T 0.605 (-2.18dB) (131)

The worst case power ratio, RPT’ for an in-line data bus is ‘given by
Eq (45). For an 8 station in-line bus using 180Cmil1 diameter Galileo
fiber optic bundles, Eq (45) becomes

6
- “ 2
Rpp = 0-5a57 T, mmeCy [aOTCTmTT] (132)
where Tc = (1 - Rc) = .9433 from Eq (4)
T = ,6562 from Table IV
180
mo = .75 from Eq (139)
&, 3 .605 from Eq (131}
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The measured performance of the split rod T coupler shown in Eq (95)
gives

.01258
(133)
.685

Using Eq (133) in Eq (132) with the other parameters shown gives the
expected value of RPT using 8 of the split rod T couplers.

RPT = 5.03 x 1077 (-62.98dB) (134)

Using the quality factors indicated by Eq (95) but adjusting the
coupling factor for an 8 station data bus gives

.
mCCT = ,0247
TT .640

Using the vaiues in Eq (135) in Eq (132) gives

RPT = 6.58 x 1077 (-61.82dB) (136)

The expected dynamic range of this 8 station in-line data bus may be

calculated from Eq (175) in Appendix II using the values shown above

Dpr = 5.28 x 103 {37.22dB) (137)

The parameters of the ideal siotted rod T coupler with
index matching are presented in £q (93). Using the quality factors
from Eq (93) but adjusting the coupling factor for an 8 station data
bus gives
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gt
mcCT = .0218

(138)

T .875

T

Using these values in Eqs (132) and (175) with Ve l5 1.0 and T18 = ,6956

0
for index matching at the plugable interfaces gives

R

PT 8.58 x 10-® (-50.67dB)

D

4.01 x 102 (26.00dB)

RT

The worst case fractional power ratio for a radial data
bus can be calculated from Eq (58). For a 100ft long 8 station bus
using 46mil diameter Galileo fiber optic bundles at the LED and de-
tector interface, Eq (58) becomes

7
_MmT T Tendo
p T6

(140)

i where m =.75 from Eq (130)
il T = .6119 from Table IV
I al = (.605)7 = .0297 from Eq (131)

j From Table XII the measured quality factor for radial coupler No. 2
is

w my = .272 (141)

The terms Tfk and TfN in Eq (140) represent the plugable interface
loss not included in m,. The measured value of m, given in Eq (141)

includes input/output losses given by

137




vl E (.613)(.9433) = .578

66

where TGG is given by Eq (99), and

T = {1 - Rc) = .9433 from Eq (4)

The discussion in Section II.C. gives a measured transmission of 55%
for a 65mi1 diameter fiber/fiber interface. Thus, it follows that
for radial coupler No. 2

T (.55)%

T =
fk fN TGsTc

oo e duBRIE.

TeTen = o578

£k .523
Using Eqs (141) and (143) in Eq (140) with the other values shown gives
the expected value of RP* for a radial data bus using radial coupler
No. 2. ‘
RP* =1.21 x 10°* (-39.17dB) (144)

The measured dynamic range for radial coupler No. 2 is given in
Eq (91)

Dps = 2.9 (4.62dB) (145)

For the proposed rectangular radial coupler the value of
Mo, 1S given by Eq (129). Since this coupler uses solid rod side
arms it follows that when no matching fluid is used in the plugable inter-

faces

(146)




where TC = (1 - RC) = ,9433 from Eq (4),

(147)

and TfN =T = .613

66

where T66 is given by Eq (99).

Using Eqs (129), (146) and (147) in Eq (140) gives the
expected value of RP* for an 8 station radial data bus using the
proposed rectangular radial coupler.

R, = 4.18 x 10™*  (-33.79dB) (148)

I

The expected dynamic range of this system is
DR*=§ 2.0 (<3.0dB) (149)

The in-1line and radial systems are compared in Table XIII.
The measured radial system gives a detector signal that is 22.65dB
greater than the measured in-line system. In a similar manner, the
proposed rectangular radial system with index matching only at the
scrambler gives 16.88dB more detector signal than the in-line system
with complete index matching. The worst case power ratio for both of
the in-line systems is higher than the 41.25dB maximum allowable
attenuation while both of the radial systems have less than 41.25dB
attenuation. The dynamic range of either of the radial systems is
clearly superior to either of the in-line systems.

Based on the system comparison presented in Table XIII, the
rectangular radial system with conventional fiber optic terminetions is
proposed for the 8-station EMI-EMP resistant data bus. The radiai
system with a fiber bundle coupler will be used as a back up approach.
A radial coupler of the quality of coupler No. 2 will meet the system
requirements for an 8-station, 100ft data bus at 10Mbit/s.
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Table XIII. Data Bus System Comparison

System Coupler Rp Pr

In-Line (a) Split Rod T
8-Station No Index Match

-61.82dB 37.22d8B

In-Line (b) Split Rod T 4
8-Station Index Matched -50.67dB 40088
Radial (a) Fiber Optic ‘
8-Station No Index Match g 17dB #6240
Radial (b) Rectangular

8-Station Partial Match -33.79dB

Maximum Allowable Attenuation = 41.25dB

(a) - measured coupler
(b) - calculated cuupler
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SECTION IV
CONCLUSIONS AND RECOMMENDATIONS

The purpose of this program is the development of a 10Mbit/s
EMI/EMP Resistant Data Bus. The bus is to have 6 to 8 stations and ;
a total length of 80 to 100ft. Optoelectronic technology has been
selected to provide maximum EMI and EMP immunity. This approach uses
noncoherent GaAs LEDs and silicon p-i-n photodiodes to transmit and
recrive optical signals; the transmission medium is flexible fiber
optic bundles

The research and development effort described in this interim
report has been devoted to the technology of fiber optic terminatiors.
The program was directed toward analysis and experimental evaluation
of conventional terminations and the development of techniques to reduce
the termination losses. Good agreement has been achieved between
anlaysis and experiment for conventional terminations; transmission
values of 65.18% (34.82% loss) have been achieved for 188mil diameter
Galileo fiber optic bundles. The various loss mechanisms are defined |
and evaluated. Techniques investigated for reducing the termination

losses are

e etching of the optical fibers to remove the cladding
glass in the region of the termination, and

e compressing the fiber bundle to remove the dead
space between fibers in the region of the termina-
tion.

Both of these areas of investigation show promise; more effort will be
required to perfect a workable manufacturing process in either area.
The etching technique is limited by fiber breakage when the cladding is
removed. Also, a reliable means of measuring the etch rate on indi-
vidual fibers is needed. The developmental compression techniques

were successful in reducing the dead space to 2.1% of the bundle area;
this resulted in a termination transmission of 75.6% (24.4% loss).
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Good progress has been made in reducing broken fibers in compressed
terminations; however, more effort will be required to eliminate
broken fibers. Unclad fiber cptic bundles were investigated for use
in short lengths such as side arms in passive couplers. These in-
vestigations were not successful due to the poor mechanical strength
and high attenuation of the unclad fibers.

The passive coupler development effort investigated both in- 1
line and radial data bus systems. Slotted rod and split rod |
T couplers were built and evaluated. The measured perforinance of
these T couplers is in good agreement with calculated values. The
split rod construction gave the best measured performance. Presently
available LEDs, photodiodes and preamps set a maximum allowable
attenuation of about 41.25dB for a 10Mbit/s data bus with a bit error
rate of 10-8. When used with conventional terminations, T coupler
technology gives more than 41.25d8 attenuation in a 100ft 8 station
bus using 0.5dB/m conventional fiber optic bundles. A radial coupler
was constructed that comes within 1.0dB of calculated performance.

A 100ft 8 station radial data bus based on this coupler will have a
total attenuation of about 39.2dB. This predicted system performance
assumes the use of 0.5dB/m conventional fiber optic bundles and no
index matching. The experimental radial coupler has a dynamic range

of 4.62dB. This small dynamic range is very desirable in an opto-
electronic data bus because of the unipolar nature of the optical
signal. A rectangular radial coupler design is presented that should
reduce the maximum attenuation of the data bus to 33.8dB and the dynamic
range to 3.0dB or less. This radial coupler design uses a rectanguiar
scrambler and solid glass side arms with rectangular cross section;
index matching is used only at the scrambler interface and conventional
terriinations are used on all fiber optic bundles. The rectangular
radial coupler is proposed for the EMI/EMP Resistant Data Bus to be

i
]
|
)

_constructed on this contract.
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The realization of the performance advantage offered by radial
couplers over T couplers piaces a different emphasis on the development
of fiber optic bundle termination techniques. This new emphasis is
further influenced by the use of a rectangular scrambler and solid glass
" side arms in the radial coupler. In this case, the critical technology
is associated with the fabrication of the radial coupler; the system
performance is improved to the point that conventional terminations can
be used on all fiber optic bundles employed in the system. This approach
uses a more sophisticated coupler to dachieve greater ease of installation
with the possibility of field terminations of the fiber optic bundles.
This is a desirable trade off becduse the passive coupler is a manu-

factured item in any case and is not suited for construction or repair

in the field. Based on these observations, it is recommended that the
passive coupler effort on this program be devoted to the construction
of an 8-station rectangular radial coupler. It is aiso recommended
that no further effort be devoted to etched or compressed terminations
unless such terminations are required for a specific application.
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APPENDIX I
GEOMETRICAL MODEL
OF CLAD FIBER

The analysis of light transmission in clad glass fibers can
often be carried out by applying the ray tracing techniques of
geometrical optics. This analysis approach is useful for multimode
fibers in which the core diameter is many times the wavelength of
thelight being transmitted. Clad fibers used for coupling to light
emitting diodes (LEDs) just be of the multimode type to achieve
useful coupling efficienties. Thus, the geometrical model is appro-
priate for the fiber optic bundles used on this program.

A. GENERAL THEORY

Figure 45 shows a typical piece of a single clad glass

fiber consisting of a high index core region, n,, and a Tower index
cladding region, n;. The clad fiber is surrounded by air, n, = 1.03
thus, n, >n, >n,. The ends of the fiber are flat and perpen-
dicular to the axis of the fiber.

If a ray of light crosses a boundary between two trans-
parent media having different indices of refraction (air—nl/core-nz),
the ray is partially reflected and partially transmitted. For the
reflected ray, the angle of reflection is equal to the angle of
incidence, 6,. For normal incidence the reflectivity at the air/

core boundary is
2
n. -n
o 1 2 ,
R"<n1+7ﬂ) {150)

This expression is the same as Eq (23) used in the report to calcu-
late the effect of index matching fluids. For nonpolarized light
Eq (150) is accurate to better than 10% for all angles of incidence

between zero and 37° for nz/n1 > 1.5%. There is a similar reflection
loss at every interface boundary.
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Figure 45. Clad Glass Fiber

The transmitted ray is refracted according to Snell's law?

n,sing, = n,;siné, {151)

Since n, < n,, the internal angle 6, is always less than the external
angle, 9,. Snell's law also applies to the core/cladding boundary

as shown in Figure 46; in this case, the fcrm of Snell's law is

n,sing, = “éfi“es (152)

v

if the incidence angle, 9,

From this equation it can be seen that
ialue, 6, such that 6, = 90°, then the

has a certain critical ¥
refracted ray becomes a surface wave\glong the interface boundary

between the two media. 1If 6, > 8., total internal reflection occurs
at the core/cladding interface and no light is transmitted into the
From Eq (151) the expression for the critical angle is

0. = sin'1<23> . (153)

n,

cladding.




Cladding - n,

Figure 46. Core/Cladding Boundary

IT a ray intersects the axis of a circular cylindrical fiber
(meridional ray) at an angle 6, to the axis, Figure 45, the ray will
be trapped in the core and conducted along the interior of the fiber
by multiple total internal reflections provided

B > ezm = 90° - ec ’ (154)

From Eq (154 )

: o g y
sing, sin(90 ec) cos6

Using the trig identity

r 1
0S8 _ = - sin?%p0 |2
cos . [1 sin ec




R it gl

Eq (155) becomes
1
o : = - . 2 5
s1n62m [1 sin ec]
Substituting for 6. from Eq (153) gives

n T
ing = |1 (e
sing, = |1 '<n2 (158)

The angle 6, is the maximum angle for a ray that will be trapped in
the core glass.

The maximum value of 8, corresponding to ezm can be determined
by combining Eqs (151) and (158); this gives

n,sing, = [nz - nzf (159)
A11 rays which strike the core with 6, < 6, will be trapped in the
core and conducted along the fiber with Tow loss.

The angles, 6,, of the trapped rays are preserved at each
internal reflection and Snell's law, Eq (151), applies to both the
entrance end and exit end of the fiber. Thus, any ray which is
conducted along the fiber, 6 < e;m’ will exit the fiber with the

same angle, 6., at which it entered.

12
From the definition of numeric aperture, the NA of any ray is

:

NA = nzsine2 = n,sing, : (160)

and the limiting NA of the fiber optic bundle from Eq (159) is

< , 2 . % b v"
NA = n sing, = [n§ - n§]
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Since n, = 1.0, the angle elm is the half angle of the acceptance
cone for the fiber. It is custemary to refer to the NA shown in
Eq (161) as the numeric aperture of the clad fiber.

From Figure 45 thie optical path length of a ray, L_, i3

pﬁ‘r
independent of the core diameter and is given by

L
L N,
L = = T (]62)
P cost, &2 B sinzel]f

The number of core/cladding reflections, NR, per unit length of fiber
is dependent on the core diameter, dc’ and is given by

sing,
NR = o g
A [n§ - sinzel]%

This analysis has been performed for meridional rays in a
straight fiber, Figure 45. If the fiber is bent, the reflection
angles are not conserved. This means that a ray can exit at an
angle different than the entrance angle. When bending of the fiber:
causes 6, to exceed P then part of the ray will escape from the
fiber and thus represent a loss of light. Rays which enter the fiber
such that they do not intersect the fiber axis (skew rays) describe
helical paths as they are conducted along the fiber. A skew ray
is illustrated in Figure 47. For a straight fiber the skew rays
with 8, < 8, are also trapped in the core and contribute to the
exit light. For any given launch angle, skew rays experience more
core/cladding reflections per unit length of fiber than meridional
rays, see Eq (163). Angles are also conserved for skew rays so the
exit ang]g is equal to the entrance angle. Skew rays will escape
the fiber wall before meridional rays when the fiber is bent’,




Helical Path
/— of Skew Ray

’@;7 et

Corejiis — Cladding

Figure 47. Skew Ray in a Clad Glass Fiber

Wwhile it is true that bending optical fibers can cause changes
E in exit angle and loss of light from the fiber wall, the bend must |
i have a small radius to cause a noticeable effect. In fact, if the
bending radius is greater than 20 times the core diameter?, dc’ the
deviation from straight fiber characteristics is negligible. For
2.5mi1 diameter fibers, the bending radius must be less than 50mils
for significant bending losses to be observed. A bend radius that |
small will normaliy not be encountered with the 45mil diameter
bundles used on this program. In fact, the ability to make sharp
bends with a radius equal to the bundle diameter is one of the desir-
able characteristics of a fiber optic bundle made up of a large number
of small fibers. Not only is a bend radius of 20 times the core
diameter allowed from optical considerations but also the mechanical
properties of the fibers allow these bends without permanent mech-
anical damage or breakage.

B. OPTICAL LOSSES

¥

i

One basic source of optical loss in clad glass fibers is

the absorption of light by chemical impurities in the core glass.
The most serious offenders in terms of absorption are transition
metals and neighboring elements (Cr, Mn, Fe, Co, Ni) and water in

150




the form of OH®. Absorption loss in high NA fibers is typically Tless
than 100dB/km at 900nm wavelength; absorption loss as low as 4dB/km’
at 900nm has been reported for Tow NA fibers. Absorption in the
cladding layer can also increase the loss in the fiber. However,
the absorption in the cladding is not as significant as absorption

in the core glass.

Another important loss mechanism in fibers is scattering
from imperfections in the core glass and at the core/cladding inter-
face. Rayleigh scattering from the core glass remains after all
other loss mechanisms have been removed from tne fiber; therefore,
Rayleigh scattering determines the minimum attenuation that can be
achieved in an optical fiber. Some of the Tow-loss fiber made by
@ Corning and BTL is within a few dB/km of the Rayleigh limit’ . In
“ Galileo fibers most of the attenuation seems to be the result of
scattering ~t the core/cladding interface; this scattering loss may
account for as much as 500dB/km of the observed total loss of 600dB/km.

1}

—

Ciadding thickness can also play an important role in deter-
mining fiber attenuation. The ray trace technique used in the pre-
ceeding analysis predicted total internal reflection at the core/
cladding interface. From this point of view, total reflection at
the boundary requires that no energy be transferred to the cladding.
Although there is no energy transfer to a lossless cladding layer,
electromagnetic theory requires that finite values of field exist
in the cladding layer in order to satisfy the continuity conditions
at the core/cladding boundary. These fields in the cladding layer
die off exponentially with x/\ where x is the distance from the core/
cladding boundary and A is the wavelength of 1light. The magnitude of
the field is also dependent on the angle of incidence at the point of
total reflection'®.
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If the cladding layer is too thin for a given wavelength, the
exponentially decaying field will have an appreciable value at the
outer surface of the cladding. This makes it possible, under the
proper conditions, to couple Tight out of the fiber through the thin
cladding layer -- see the discussion of frustrated total reflection
in Rgf]O. One way to enhance this loss mechanism is to surround the
fiber with a fluid having index of refraction equal to the core glass.
As a general rule the fiber is not required to operate under these
conditions. The more typical situation is for the fiber to be sur-
rounded by air over most of its length. In this case the air has a
lower index of refraction than the cladding layer and no energy is
transferred into the air. However, loss through the cladding can
occur where the fibers touch the lossy jacket material or where dust
or other foreign particles are present on the surface of the fiber.

The best value of cladding thickness for a given type of fiber is
usually a compromise between packing fraction and attenuation. It

is also affected by other characteristics of the fiber. For example,
a 3.0um cladding thickness (x/x = 3.3) is appropriate for the
600dB/km Galileo fiber. However, this would not be sufficient clad-
ding thickness for Corning low-loss fiber which has an attenuation
of 30dB/km.

In any event, the phenomenon of total internal reflection is
mandatory in low-loss optical fibers because it provides reflection
with significantly lower loss than could ever be achieved with a
metal mirror coating on the fiber. The use of an adequately thick
cladding layer on the fiber insures that the reflecting boundary
is not contaminated or degraded by the fiber environment.




APPENDIX 11
IN-LINE DATA BUS ANALYSIS

In an in-line data bus, the T couplers are connected with
flexible fiber optic bundles as shown in Figure 48. As optical
signal moves down the bus it must pass through the terminations at
each end of the fiber optic bundles. Thus, the transmission of
the terminations is an important parameter in determining system
performance. Section II in the report describes various termina-
tion techniques and gives equations for calculating the transmission
of a termination. Section III describes T couplers and defines
various coupling, transmission and quality factors that describe
coupler performance. In this analysis of an in-line data bus,
the transmissions of the fiber optic terminations are included ex~
plicitly as separate factors apart from the Tosses and quality
factors associated with the T couplers. This approach was used
so that the resulting expressions would be more generally appli-
cable and not limited to a specific construction technique. It
allows system performance to be predicted from the separate charac-
teristics of the independent parts.

For purposes of analysis, an in-line data bus of N stations
uniformly distributed along a total length L will be considered,
This configuration gives the correct result for a worst case condi-
tion of transmission between opposite ends of the data bus, and
typical results for all intermediate path lengths. The average

fiber optic attenuation between adjacent stations, 3gs is given by

(164)

where L 1is the total length of the bus, and

a 1is the loss coefficient of the fiber optic bundle.
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When optical power is coupled into a fiber optic bundle, it is

attenuated by the transmission of the input termination Tc given
by Eq (18). As the light transits the fiber between stations it
is attenuated by a, given in Eq (164). As the light leaves the
exit end of the fiber optic bundle a portion is reflected at the
core/air interface; the fraction of light transmitted is given

by o - RC) where R. is given by Eq (4). Thus, the transmis-
sion of an average fiber optic bundle that interconnects two
stations is

= i 2
aoTcTc = ao(l RC) GRa (165)

The symbols ags Tc’ and Tc are shown on Figure 48.
The signal power relationships in the ir-line duplex data

bus when station 1 is transmitting are shown in Figure 48. When

an optical power, Pix’ is emitted by the LED of station 1, the power ;

on the LED port is mLPil’ where m is the LED quality factor defined ] :

by Eq (41). The power coupied out at the detector port of station 2,

Poz’ is given by

P.
= 2 kL
P [mmeCT] [a T C] y (166)

The coupling quality factor, me is defined by Eq (39)

(power at detector port)

Me.o (power into scrambler area attributed to detector port) (39)
the coupling factor, Cy» is defined by Eq (36)
e (scrambler area attributed to detector port) (36)
T (area of the scrambler)
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and aOTCTC is the total attenuation of the fiber optic bundle between
station 1 and station 2 given by Eq (165). Referring to Eq (166),
the term me enters once in the LED side arm of station 1 and again

in the detector side arm of station 2. Front surface reflection
losses at the scrambler input of station 2 are by definition included

in me. The factcr of + in Eq (166) describes the split of the LED
power between the two directions of transmission on the data bus.

The power transmitted to the output port of station 2, Ptz’

P,
P, = [ m 0] [a T T e (1-20T)]—%-1— (167)

where my is the transmission quality factor of the T coupler given
by Eq (37)

(37)

The signal at the detector port of station 3 is

P.
2 27272 N My
s, [mLmCCT][aOTCTCmTU ZCT)] :

and the power transmitted to the output port of station 3 is

P,
Pos = [mLm 1[a T.T me(1- 2CT)]2 - (169)

For station N, the power at the detector port as a fraction of the
input power is

p m, mAC
oN c LMcbr N-2
P I ][ TeTemy 1--ch£|




Equation (170) is the worst case power ratio, Rpp» given in Eq (45)
in Section III. This worst case power ratio can be maximized by
setting the derivative of RPT with respect to CT equal to zero, and
solving for the optimum value of CT' Inspection of Eq (170) shows
that RPT is of the form

N-2

Rer = ke (1-2¢; (171)

where X is a constant given by

a T T mm2 N-2
0 c2c L C:I [aOTCTCmT:I

From Eq (171)

dR
PT _ N-2 N-3

Setting Eq (173) equal to zero gives
(I-ZCT) - (2CT)(N-2) =0

which defines the optimum value of CT given in Eq (46)

- 1
opt = 20T el

From Eq (46), COpt is dependent only on the number of stations on

the bus. Specifically, this means that the optimum value of CT is
independent of all of the factors included in the constant K, Eq (172).
Equation (46) is a very general result with no Timiting assumptions

er approximations.




The use of the optimum coupling factor in an in-line data
bus gives the maximum value of the worst case power ratio. This

maximum value of RPT is determined by substituting Eq (46) into
Eq (45). The result is shown in Eq (48)

3, T T M aOTéTCmT(N 2) N-2
RoT |max = 4(N 1) N-T) (48)

The worst case dynamic range encountered at the various de-
tectors in the in-1ine data bus occurs when station (N-1) transmits
to station N followed by a transmission from station 1 to station N.
This worst case dynamic range, DRT’ is equal to the ratio of the

output power at station 2 to the output power at station N when
station 1 is transmitting.

N-2
1
D =

- (175)
RT ™ | ag T T (T2,

The value of D RT when the coupling factor is C opt is obtained by

substituting Eq (46) into Eq (175) The result is presented in
Eq (49)

N-1\ N-2

- b e 5 3 " K
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APPENDIX III
RADIAL DATA BUS ANALYSIS

In a radial data bus flexible fiber optic bundles are used
for the connections between the stations and the radial coupler as
shown in Figure 49. The length of a radial data bus (for signal
attenuation) is not the total length of the fiber optic bundles
used in the system. For the radial geometry, the length of the bus,
L, will be taken as the greatest length of fiber optic bundle between
any two stations on the bus. For the analysis, the radial coupler
is assumed to be centrally located so that all other transmission
paths between stations have lengths equal to or less than L. In
this case the maximum fiber optic attenuation, s is given by
Eq (56) repeated here for convenience.

8= exp[-alL] (56)

Comparicon to Eq (164) in the T coupler analysis given in Appen-
dix II shows that

a = a N-1 (57)

where ag is the average fiber optic attenuation between
adjacent stations, and

N is the number of stations.

In order to facilitate the comparison between the radial and in-line
data bus systems, the concept of average fiber optic attenuation per
station will be retained in the radial data bus analysis with a,
defined by Eq (164).
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For the radial coupler, the coupling factor, Cy, is uniquely
determined by the geometry. The value of C, is given by Eq (51)

Cyp =

1
N

and the transmission factor, T,, is given by Eq (53)
Ty = mCy (53)

where m, is the radial coupler quality factor defined by Eq (50).

(sum of output power at all ports) (50)

1= (power in at input port)

Combining Eqs (51) and (53) gives

For purposes of analysis the longest transmission path is
assumed to be between stations k and N. When station k is trans-
mitting, the signal power relationships can be determined from
Figure 49. When an optical power, Pik’ is emitted by the LED of
station k, the power at the LED port is mLPik’ where m is the
LED quality factor defined by Eq (41). The power at the input
port of the radial coupler, Pif’ is given by

N-1

P. PR T _Pi1 (176)

if Y TcT

where T is the transmission of the fiber opt1c term1nat1on at the
LED 1nterface given by Eq (18)




Tc = (1—RC)GRa (18)
The symbol Tfk represents the portion of the interface transmission
at the radial coupier input port that can be attributed to the exit
end of the fiber optic bundle between station k and the radial coupler.

When power is coupled into any port of a radial coupler, all
N ports receive output power. In the ideal case of uniform power
distribution in the radial coupler, the output power at the detector
port of station N as a function of the station k LED power is

N-1

Pon MMl T Teno (
P = 5N : 177)

The symbol TfN represents the portion of the interface transmission
at the radial coupler output port that can be attributed to the
entrance end of the fiber optic bundle between the radial coupler
and station N. If .'e side arms of the radial coupler are made from
fiber optic bundles, then these two interfaces are fiber bundle/
fiber bundle interfaces éna Tfk = TfN' When solid side arms are
used in the radial coupler the plugable interfaces are similar to
fiber/scrambler interfaces used in the T coupler. In this case,
Tfk = Tc = 1-Rc where Rc is given by Eq (4) and TfN = Tc given by
Eq (18). The values of Tfk and TfN must be determined for each
different radial coupler design; no part of Tfk or TfN is included
in m,. The factor 2 in the denominator of Eq (177) results from
the power split between the LED and detector ports at station N.
Equation (177) is the worst case power ratio, Rpxs given in Eq (58)
in Section III.A.2.

A11 of the signals on a radial data bus pass through the
same centrally located radial coupler. If the radial coupler
gives a uniform power distribution to all input/output ports, then
the dynamic range of the radiai data bus is due entirely to the
difference in attenQation of the various fiber optic bundles.
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If the stations of a radial data bus are uniformly spaced,

the greatest distance between a station and the radial coupler
is 0.5L and the shortest distance between a station and the

coupler is 8&%% . In this case, the fiber optic attenuaticn for

the most distaﬁﬁ station is 5 ﬂ%l- and for the closest station
is aO%. Assuming the radial c8up1er gives the uniform power
division shown in Eq (51), the worst case dynamic range results
at a station close¢ to the radial coupler. The largest detector
signal occurs when another close station transmits and the atten-
uation is a_.. The smallest detector signal occurs when a distant

)
station transmits and the attenuation is In this case the

N
a02 '
worst case dynamic range, Dy, is given by Eq (178),

N-2
DR* '“'[51;]'2 (178)

For any given station the dynamic range can be significantly
reduced by lowering the LED drive current in the stations that have
short fiber optic bundles. If the drive currents are adjusted such
that the optical power reaching the coupler is the same for all LEDs,
then the dynamic range at any particular detector is 1.0. Each
detector, on an individual basis receives the same power from all
LEDs. However, this constant signal level is different for different
detectors because of the variation in the fiber optic attenuation
between the radial coupler and the various detectors. In this case,
the ratio of power levels over all detectors is the ratio of the

: 3 ; N-1
attenuation of the ;Tﬁrtest (a0 ) and longest (ao 3) fiber optic

bundles which is a, 2. .

The dynamic range of the radial data bus can in theory be
reduced to the ideal value of 1.0 (zero dB) by including equal
attenuation in all of the fiber optic bundles. In this case, each
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detector receives the same signal regardless of which LED is trans-
mitting and al] detectors receive the same signal when any LED
transmits. One wéy to make a uniform attenuation radial system is
to make all of the fiber optic bundles the same Tength. A more
practical way to achieve uniform attenuation-is to include a

neutral density filter element in the shorter fiber cptic bundles

to bring all fiber optic bundles to the same attenuation regardiless
of their length.

For the radial couplers built on this program, measured data
presented in Section III.D.2. show that the coupling between the
various ports is neither uniform nor reciprocal. This characteristic
results from the mixing properties of the cylindrical scrambler rods

used in the construction of the couplers which is described in
Section III.B.. A rectangular scrambler rod is proposed to provide

more uniform power distribution. In a practical radial data bus,

the dynamic range will be determined by the uniformity of the power
division provided by the radial coupler. The rectangular Scrambler
approach is expected to give a dynamic range of less than 2/1 (<3.0dB).
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